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Abstract 
A review of past research into sound propagation in woodland is presented. The 
attenuation of sound in woodland is small between about MX) and 200011z and greater at 
low and high frequencies. 
Attenuation measurements made in three contrasting woodlands are presented and 
compared with theoretical models. Propagation models using simple one- and two- 
parameter impedance models are used to calculate appropriate ground parameters for the 
prediction of impedance of the woodland soils. The ground parameters varied on different 
days in a single stand due to differences in moisture content and compaction. The overall 
differences between the stands are not significant. The woodland soil has a considerably 
lower impedance than other outdoor ground surfaces such as grassland or sand. 
A theoretical model for the attenuation of sound by thermoviscous absorption and 
scattering within an array of cylinders is assessed by means of a model experiment with 
wooden rods in an anechoic chamber. An input density 60% lower than the actual density 
gives a good agreement with measured attenuation. This modified model also predicts the 
attenuation by the cylinders in the presence of a ground surface. 
The scattering model is compared with the high frequency attenuation measured in the 
, woodland, using sampled trunk 
densities and radius, this underpredicts the observed 
attenuation, particularly in the stands with a dense branch and foliage structure. Addition 
of a second. dense, array of non rigid scatterers gives a good agreement with the measured 
data, thus modelling the scattering and absorbing effects of trunks, branches and leaves, in 
the high frequencies. 
Finally, a combined model is presented in which the attenuation caused by ground 
interference effects. at low frequencies. is added to a prediction of attenuation by the 
scattering model. across the whole frequency range. This model reproduces the frequency 
dependence of the attenuation of sound in woodland. 
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Mean value for the 4 
microphones. (array densities: C= 400. I) = 200) 
215 Figure 7.13c: Attenuation through array C-6 and array F-6 . 
Mean value for the 4 
microphones. (array densities: C= 400. li = 100) 
215 Figure 7.13d: Attenuation through array D-12 and array E-12 . 
Mean value for the 4 
microphones. (array densities: D= 200, E= 1(0) 
216 Figure 7.14: Attenuation through array A-12 and array F. Mean value for the 4 
microphones. (array densities; A= 240. F= 480 - mixed radii) 
216 Figure 7.14a: Attenuation through array 13-12 and array F. Mean value for the 4 
microphones. (array densities: 13 = 360. F= 480 - mixed radii) 
220 Figure 7.15a: Measured and Predicted Attenuation for Measurement A-6. 
Density = 240,110,96. 
220 Figure 7.15b: Measured and Predicted Attenuation for Measurement A-12. 
Density = 240,110.96. 
221 Figure 7.15c: Measured and Predicted Attenuation for Measurement B-6. 
Density = 360.180.144. 
221 Figure 7.15d: Measured and Predicted Attenuation for Measurement B-12. 
Density - 360.140.144. 
222 Figure 7.15e: Measured and Predicted Attenuation for Measurement C-12. 
Density a 400,110,160. 
222 Figure 7.15f: Measured and Predicted Attenuation for Measurement F. 
Density = 4SO. 170,192. 
223 Figure 7.16: Sum of attenuations from two airays of rigid cylinders with density 96: 
radii 0.003 and 0.006 and single array radius=0.0045, density=192 
22k) figure 7.17: Nlcan insertion loss spectra for array 11-12 constructed in the sand box 
from long and short rods. 
229 (Figure 7.17a: Range oI' insertion loss spectra for array 11-12 constructed in the sand box 
from long and short rods. 
230 Figure 7.18: Microphone 1 Measured vs Predicted Excess Attenuation over Sand. 
hs=1ºr=0.07. r=0.7 a-,,. =2.000,000 
230 Figure 7.1äa: Microphone 1. Measured 1? xcess Attenuation over Sand. Measured on a 
different clay to Figure 7.18. 
231 Figure 7.19a: Array A-12 mean Insertion Loss and Attenuation . 
231 Figure 7.191): Array 13-12 mean Insertion Loss and Attenuation . 
232 Figure 7.19c: Array C-12 mean Insertion Loss and Attenuation . 
232 Figure 7.19d: Array D-12 mean Insertion Loss and Attenuation . 
233 Figure 7.20: Mean insertion loss for 6 rows of array C-12 rows used : 1-6 
4-9 7-12. 
233 Figure 7.20a: Mean insertion loss for 4 rows of array C-12 rows used 1-4 
S-ti 9-12. 
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241 Figure 8.1: Measured attenuation from Wetleys Wood 28/7/83; Separation distance 
12m A track, 1.2m microphone height, with best fit prediction for Rigid-backed Layer 
model Q. = 60.000 mks rayls. de = 0.085 mean difference = 3.13 dß. 
241 Figure 8.2: Measured attenuation from Wetleys \Vood 2ä/7/N3: Separation distance 
96m. A track. 1.2m microphone height. with best lit predictions: 
Delany and Barley v,. = 22.000 mks rayls. and = 3.99 d13. 
Ilonmogeneous o,. = 33.000 mks rayls, and = 4.82 d13. 
Layer de = 0.135, o= 40.000 inks rayls, and = 4.82 d13. 
242 Figure 8.3: Measured attenuation from Wetleys Wood 26/6/84: Separation distance 
48m 11 track, 2.5m microphone height, with best fit prediction for homogeneous 
approximation o. = 82,000 mks rayls, mean difference = 4.19 (113. 
242 Figure ti. 4: Measured attenuation from Ilazelborough Wood 9/8/84: Separation distance 
4tim. 11 track. 1.2m microphone height, with best fit prediction for Homogeneous 
approximation. q. = 4O, OOO mks rayls, nmean difference = 2.69 d13. 
243 Figure N. 5: Measured attenuation from Ilazelborough Wood 5/7/84; Separation distance 
72m. C track, 2.5m microphone height, with best fit prediction for Homogeneous 
approximation. v, = 50,000 mks rayls, mean difference = 3.08 d13. 
243 Figure 8.6: Measured attenuation from Ilazelborough Wood 10/4/84: Separation dis- 
tance 72m. C track. 2.5m microphone height. with best fit predictions: 
Delany and I3azley ve 62.000 mks rayls. and = 3.99 d13. 
Ilomogeneous cr, 113.000 mks rayls, and = 3.84 dB. 
Layer de - 0.060, vt - 130.000 mks rayls. and a 4.82 dB. 
244 Figure 8.7: Measured attenuation from Bucknell Wood 9/7/84; Separation distance 
40m G track. 1.2m microphone height, with best fit prediction for Homogeneous 
approximation. Q, = 50,000 mks rayls, mean difference = 6.95 dB. 
244 Figure 8.8: Measured attenuation from Bucknell Wood 8/8/84; Separation distance 
26m F track, 1.2m microphone height, with best fit prediction for Delany and Bazley 
model a, - 30,000 mks rayls. mean difference = 4.64 d13. 
245 Figure 8.9: Measured attenuation from Wetleys Wood 28/7/83: Separation distance 
96m A track. 1.2m microphone height. Local and extended reaction predictions 
245 1\1easured attenuation from Ilaxelhorough \Vood 9.8/84; Separation distance Olim. II 
trad.. 1.2m microphone height. Local and extended reaction predictions. 
249 Figure NA 1: Mean measured attenuation Gill per 24m) for the three woodlands. 
Wetleys Wood 
Bucknell Wood 
Ilazelborough \Vood summer measurements (excluding 10/8/83) 
Ilazelborough \Vood winter measurements 
250 Figure 812: Mean measured attenuation (d13 per 24rn) for 13ucknell Wood. 
is 20*log(frequency)-59.0. 
250 Figure 8.13: Mean measured attenuation (dl3 per 24m) for Ilazelborough Wood. (all 
summer measurements except 10/8/83) 
are 20*log(frequency)-59.0 and 20*log(frequency)-65.0. 
251 Figure S-14: Mean measured attenuation (d13 per 24m) for Wetleys Wood. 
are 20*log(frequency)-S9.0 and 20*log(frequency)-65.0. 
251 Figure 8.15: Mean measured attenuation (dß per 24m) for Bucknell Wood. 
is ulrt(frequency)*0.17 
252 Figure 8.16: Mean measured attenuation (d13 per 24m) for llaielWrough Wood. (all 
summer measurements except 10/8/83) 
is sqrt(frequency)*O. 0S 
252 Figure 8.17: Mean measured attenuation (dB per 24m) for Wetleys Wood. 
is sgrt(frequency)*0.05 
257 Figure 8.18: Sum of two arrays of rigid cylinders with densities 0.1 radii 0.01 and 0.07 
and single array radius=0.04. density=0.2 separation distance - 50m 
257 Figure 8.19: Sum of two arrays of rigid cylinders a) density 0.2 radius 0.04 b) density 
0.1 radius 0.08 and single array radius=0.053. density=0.3 separation distance - 50m 
258 Figure 8.20: Range of attenuation (dB per 24m) for all Iiazelborough Wood measure- 
ments. With 'trunk scattering' predictions. 
radius=0.045, density=0.267 (measured). 
radius=0.045. density=0.1068 (-60%). 
258 Figure 8.21: Range of attenuation (d13 per 24m) for Ilazelborough Wood excluding 
winter and 10/8/83 measurements. With 'trunk scattering' predictions. 
radius=0.045. density=0.267 (measured). 
radius=0.045, density=0.1068 (-60%). 
25k) Figure ti. 22: Range of attenuation (du per 24m) for all Wetleys Wood measurements. 
With 'trunk scattering' predictions. 
radius=0.059. density=0.303 (measured). 
radius=0.059, density=0.1212 (-60^/x). 
259 Figure 823: Range of attenuation (dl3 per 24m) for all 13ucknell Wood measurements. 
With 'trunk scattering' predictions. 
radius=0.060. (lensity=O. I I (measured). 
radius=0.0h6. density=0.0724 (-00'/(, ). 
260 Figure 8.24: Predicted attenuation over 24m using sum of 2 arrays and 'mean array'. 
261 Figure 8.25: Mean measured attenuation (d13 per 24m) for llazelborough Wood. sum- 
mer measurements. 
is sum of predictions for 2 arrays. Mean difference=0.62d13. a) radius=0.045, den- 
sity=O. 1O68 rigid cylinders and b) radius=0.0131. density=l. 5. rigid cylinders. 
261 Figure 8.25a: Prediction for 2 arrays 
radius=0.045, density=. 1068 rigid cylinders and radius=0.0131, density=1.5. 
rigid cylinders. 
262 Figure 8.26; Mean measured attenuation (dB per 24m) for Ilazelborough Wood. winter 
measurements. 
is prediction for sum of 2 arrays. mean (lifference=0.89.2 arrays a) radius=0.045. 
density=O. 10 f8 rigid cylinders and 
b) radius=0.001. density=2. rigid cylinders. 
262 Figure 8.26a: Prediction for 2 arrays 
radius=0.045. density-0.1068 rigid cylinders and radius=0.001. density=2. 
rigid cylinders 
263 Figure 8.27: Mean measured attenuation (dB per 24m) for Wetleys Wood. 
is sum of predictions for 2 arrays. Mean difference=O. SOdB. a) radius=0.059. den- 
sity-0.1212 rigid cylinders and b) radius=0.0019. density=80. rigid cylinders 
263 Figure 8.27a: Prediction for 2 arrays 
radius=0.059. density=0.1212. rigid cylinders and radius=0.0019. density=80, 
rigid cylinders. 
264 Figure 8.28: Mean measured attenuation (dß per 24m) for ßucknell Wood. 
is sum of predictions for 2 arrays. Mean difFerence=6.04(iI'3. a) radius=0.066, den- 
sity=0.0724 rigid cylinders and b) radius=0.0021, density-340, rigid cylinders 
264 Figure 1i. 27ia: Prediction for 2 arrays 
radius=0.00. density=. 0724 rigid cylinders and radius=0.0021. density=340. 
rigid cylinders. 
265 Figure 8.29: Mean measured attenuation (d13 per 24m) for Bucknell Wood. 
is sum of predictions for 2 arrays. Mean dilierence=1.69d13. a) radius=0.066. den- 
sity=O. 0724 rigid cylinders and b) radius=0.001. density=100. v, - 860.000 
265 Figure 8.29a: Prediction for 2 arrays 
radius=0.066, density=. 0724 rigid cylinders and radius=0.001, density=100, 
Q,. = 860,000 
266 Figure 8.30: Mean measured attenuation (dl3 per 24m) for Ilazelborough Wood. sum- 
mer measurements. 
is sum of predictions for 2 arrays. Mean (iifference=0.92(i13. a) radius-0.045. den- 
sity=0.1068 rigid cylinders and b) radius=0.001. density=70, c-1,900.000 
266 Figure 8.30a: Prediction for 2 arrays 
radius=0.045, density=. 1068 rigid cylinders and radius=0.001. density=70. a. 
1.900.000 
267 Figure 831: Mean measured attenuation (c113 per 24m) for Ilazelborough Wood. winter 
measurements. 
is prediction for sum of 2 arrays. mean (lifference=0.92.2 arrays a) radius=0.045. 
density=0.1068 rigid cylinders and 
b) radius=0.001. density=4. a. = 800.000 
267 Figure 8.31a: Prediction for 2 arrays 
radius=0.045, density=. 1065 rigid cylinders and radius=0.001. density-4. v, 
-800,000 
268 Figure 8.32: Mean measured attenuation (dB per 24m) for Wetleys Wood. 
is sum of predictions for 2 arrays. Mean difference=0.84dß. a) radius=0.059. den- 
sity=0.1212 rigid cylinders and b) radius=0.001. density-100, v, - 10,000,000, 
268 Figure 8.32a: Prediction for 2 arrays 
radius=0.059 density=0.1212 rigid cylinders and radius=0.001. density-100. 
Q,, = 10,000.000. 
272 Figure 8.33: Measured attenuation from Bucknell Wood 9/7/84; Separation distance 
40m (1 track. 1.2m microphone height. Prediction using homogeneous approximation a, 
= 50.000: to 2klli. + scattering radius= 0.066. density - 0.0724. rigid cylinders 
+ radius= 0.001. density = 100 . v,. - 860.000 
272 Figure ti. 34: Measured attenuation from Ilarelborough Wood 9/S/84: Separation dis- 
tance 45m. II track, 1.2m microphone height, Prediction using homogeneous approxi- 
mation Q,, = 40,000. to 2kIIz. - scattering radius= 0.045. density = 0.1068, rigid 
cylinders 
+ radius= 0.001. density = 70 . q. = 
1.900.000 
273 Figure ti. 35: Range of values for llucknell Wood 12m separation. Prediction using 
homogeneous approximation 0-,. = 65,000, to 2k11z. + scattering radius= 0.066. density 
_ 0.0724, rigid cylinders 
+ radius= 0.001. density = 100 . q. = 
660,000 
273 Figure 8.36: Range of values for Bucknell Wood 24m separation. Prediction using 
homogeneous approximation or. = 68.000: to 2kl Iz. + scattering radius= 0.066. density 
= 0.0724. rigid cylinders 
+ radius= 0.001, density = 100 . Q,. = 
860.000 
274 Figure 8.37: Range of values for Bucknell Wood 40m separation. Prediction using 
homogeneous approximation o. = 68.000; to 2kllz. + scattering radius= 0M66. density 
= 0.0724, rigid cylinders 
+ radius= 0.001, density = 100 , v,. = 
860.000 
274 Figure 838: Range of values for Wetleys \Vood 12m separation. Prediction using 
homogeneous approximation Qe = 08.000; to 2kl lz. + scattering radius= 0.059. density 
= 0.1212. rigid cylinders 
+ radius= 0.001. density = 100. Q, = 10.000.000 
275 Figure 8.39: Range of values for Wetleys Wood 24m separation. Prediction using 
homogeneous approximation a. = 68,000: to 2kHz. + scattering radius= 0.059. density 
= 0.1212. rigid cylinders 
+ radius= 0.001, density = 100 , a, = 10.000.000 
275 Figure 8.40: Range of values for Wetleys Wood 48m separation. Prediction using 
homogeneous approximation Q, = 68.000: to 2kliz. + scattering radius= 0.059. density 
= 0.1212. rigid cylinders 
+ radius= 0.001. density = 100. Q, = 10.000.000 
276 Figure 8.41: Range of values for Wetleys Wood 96m separation. Prediction using 
homogeneous approximation a. = 65,000; to 2kllz. + scattering radius= 0.059. density 
= 0.1212, rigid cylinders 
+ radius= 0.001. density = 100 , q. = 10.000.000 
270 Figure 8.42: Range of values for 1lazelluºrough \Vood 21m separation. Prediction using 
homogeneous approximation a,. = 63,000: to 2klli. + scattering radius= 0.045. density 
=O. 1008. rigid cylinders 
+ radius= 0.001. density = 70 . o. = 
1.900.00(1 
277 Figure 8.43: Range of values for Ilazelborough Wood 48m separation. Prediction using 
homogeneous approximation a. = 63.000: to 2kllz. + scattering radius= 0.045. density 
= 0.106ä. rigid cylinders 
+ radius= 0.001. density = 70 . Q. = 
1.900.000 
277 Figure 844: Range of values for Ilazelborough Wood 72m separation. Prediction using 
homogeneous approximation a;. = (>3.000: to 2kllz. + scattering radius= 0.045. density 
= 0.1068. rigid cylinders 
+ radius= 0.001. density = 70 , or, - 
1.900.000 
278 Figure 8.45: Range of values for Wetleys Wood 96m separation. prediction using 
homogeneous approximation a-,, = 68,000; to 2kllz. + scattering radius= 0.059. density 
= 0.1212. rigid cylinders 
i radius= 0.0019. density = 80 , rigid cylinders 
278 Figure 8.46: Range of values for Ilazelborough \Vood 72m separation. Prediction using 
homogeneous approximation o. = 63.000: to 2kllr + scattering radius= 0.045, density 
= 0.1068. rigid cylinders 
+ radius= 0.0131. density = 1.5 , rigid cylinders. 
279 Figure ti. 47: Range of values for Wetleys Wood 96m separation. Prediction using 
homogeneous approximation a= 68,000: to 800IIz. + scattering radius= 0.059. den- 
sity = 0.1212. rigid cylinders 
+ radius= 0.0019. density = 80 , rigid cylinders 
279 Figure 8.48: Range of values for Hazelborough Wood 72m separation. Prediction using 
homogeneous approximation v, - 63.000: to 80011z. + scattering radius- 0.045. den- 
sity = 0.1068. rigid cylinders 
+ radius= 0.0131, density - 1.5 . rigid cylinders. 
282 Figure 8.49: Excess attenuation at 50m, source and receiver height 1.2m. Prediction 
using homogeneous approximation v, - 68.000; to 2kliz. + scattering radius- 0.057. 
density = 0.1. rigid cylinders + radius= 0,001. density - 100. a. = 860,000. 
1.900.000,10.000.000 rigid. 
282 Figure 8.50: Excess attenuation at 100m. source and receiver height 1.2m. prediction 
input parameters as in figure 8.46. The ground model prediction is only used to 
80011 Z. 
2ti3 Figure N. 51: Excess attenuation at 50m, its in figure 8.49. With predictions from Kragh 
et aI (1982) and ISO (19NO). 
2fi3 Figure 11.52: Excess attenuation at 1OOm, as in figure &50. With predictions from 
I. ragh et al (1082) and ISO 09W. 
Chapter 1: Introduction. 
The increasing problem of noise as an environmental pollutant. has lead to the 
development of standards of acceptable noise levels and legislation concerning noise control. 
In order to assess the possible impact of new developments such as motorways on the 
acoustic environment of an area, prediction schemes have been developed to determine the 
sound pressure levels which would be expected at a given location, calculated from the noise 
source and the terrain over which the sound travels. Most such prediction schemes disre- 
gard the presence of woodland since there is relatively little detailed knowledge about the 
precise effects of woodland on the propagation of sound. and the evidence obtained by 
different studies often gives rise to different conclusions. The use of a belt of woodland as a 
barrier to screen a problematic noise source is an attractive proposition from an aesthetic 
and ecological point of view, but again there is some debate about the effectiveness of such a 
screen due to the high porosity of a belt of trees compared to conventional noise control 
screens. 
Measurements of sound propagation are generally quoted as 'attenuation' ie the amount 
by which sound is reduced when passing through a woodland, this is because the main 
applications are concerned with noise control. Many studies of sound propagation in wood- 
land have described the pattern of the attenuation spectrum as having greater attenuation in 
the high and low frequencies with little or no attenuation in the mid-frequencies. in fact. an 
increase in sound pressure over the free field level has been reported by some authors. The 
prediction of propagation over a flat. acoustically rather soft. ground surface, has been sug- 
gested as the main mechanism operating at low frequencies. Various theoretical models have 
been suggested to account for the observed high frequency attenuation, generally in terms of 
scattering and absorption by the trunks, branches. and leaves of the trees. 
The purpose of this thesis is to assess the various theoretical models presented in the 
literature, and their applicability to the description, and prediction. of sound propagation 
within and through wooded areas, in an attempt to elucidate the physical mechanisms acting 
on a sound wave as it passes through a woodland. An attempt is made at combining the 
high and low frequency effects into a model which could be used to predict the sound 
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pressure level at a known distance, in particular to reproduce the typical frequency depen- 
dence of the attenuation spectra measured in woodland. 
Layout of the Thesis. 
The background to this study is described in chapter 2. in the form of a general review 
of published literature relating to the propagation of sound in *woodland. This review 
assesses the various approaches which have been adopted by research workers. Several stu- 
dies carried out to assess the use of trees in noise control have used broad band sources, such 
as traffic noise and measured the overall attenuation, others have investigated the frequency 
dependence of the attenuation of sound by the woodland, which is applicable to a wider 
range of uses. Knowledge of the frequency dependence of the sound propagation in wood- 
land has enabled theoretical studies to be carried out into the possible mechanisms of sound 
attenuation acting in woodland, some of which are also reviewed in chapter 2. The theoreti- 
cal studies assessed include the effect of the ground, related to the type of ground surface, 
which is evidently different in woodland to farmland. grassland, pavement. etc. and has 
different acoustic properties. Other mechanisms which have been suggested as explanations 
for the attenuation of sound in woodland include scattering and absorption by tree trunks, 
branches and leaves. Existing methods used to take account of the attenuation of sound by 
tree belts and woodland are also described in chapter 2. 
The equipment and methods used in experiments carried out in woodland is described 
in chapter 3 along with a descripion of the software developed to analyse the data obtained. 
In chapter 4 the theoretical models used to predict the propagation of sound over a 
ground surface are described in detail. The theoretical models are used to calculate an 
attenuation function which is directly comparable to the measurements carried out in wood- 
land. The dependence of the attenuation function on the experimental geometry and the 
ground surface is illustrated. 
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The theoretical model for the second main mechanism of sound attenuation in wood- 
land investigated in detail, ie. scattering of sound. is described in chapter 5, along with the 
software developed to calculate a prediction of attenuation from the model. 
The results of attenuation measurements made in the woodland sites are described in 
chapter 6. Three contrasting sites were used, all are Forestry Commission plantations, on flat 
land near Silverstone in Northamptonshire. lach stand is treated individually in chapter 6. 
presenting the characteristics of the stand, description of the main measurements made and 
results for each measurement day. The results for the stand on different days are compared. 
In order to investigate the applicability of the theoretical model of the attenuation of 
sound by scattering by an array of cylinders, both with, and without. a ground surface, a 
model experiment was carried out which is described in chapter 7. The attenuation caused 
by an array of cylindrical wooden rods was measured, both with the rods inserted into a 
tray of sand to simulate a ground surface and without the sand, so the rods were assumed 
to approximate to infinitely long rods. Theoretical model predictions were compared with 
the results. 
In chapter 8 the two theoretical models are used to compare the attenuation effects of 
the different stands. A combined model of attenuation including the effects of both ground 
and scattering effects in presented and its applicability to the measured results assessed. The 
practical applications of the results of this study are presented and suggestions made for 
future work which would advance the understanding of sound propagation in woodland. 
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Chapter 2: Background. 
Various approaches have been used in studies of sound propagation within and through 
woodland. depending largely on the main application for which it study was conducted. 
Many have concentrated on the attenuation by a narrow belt of trees as this has obvious 
applications in outdoor noise control and planning. More extensive woodland has also been 
evaluated for planning purposes such as the prediction of noise contours from proposed 
motorway developments close to existing woodland. Studies for planning purposes tend to 
produce little or no information on the frequency dependence of the results beyond using an 
appropriate source eg. road traffic noise, or A-weighting the results. Studies which analyse 
the results in terms of frequency tend to have a wider application as the results can be 
extrapolated for different source spectra. Other reasons for carrying out research in this area 
have included the description of the acoustic environment relating to animal vocalisation 
and military applications. Theoretical studies investigating the physical properties of out- 
door sound propagation in terms of ground reflection, scattering and absorption by vegeta- 
tion and meteorological effects, are also relevant to sound propagation in woodland. Many 
studies have, of course. combined empirical measurements with theoretical predictions. 
In this chapter. after defining some of the more important terms used in describing 
experimental results. I will summarise the findings of various empirical studies. and then 
assess predictive models that have been applied to describe the ground effect and other 
attenuation mechanisms. 
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2.1 Definition of Terms. 
The propagation of sound over a ground surface is most often quoted as the 'excess 
attenuation'. This is defined as the difference between the sound level (in decibels; dI3). 
measured (or predicted) at a certain location above a surface. minus that which would be 
expected at that location in the absence of any ground surface (known as the 'free field' 
case). The free field case is calculated from the source level, and the reduction in sound level 
due to spherical spreading, and atmospheric absorption. The free field source level and spec- 
trum have to be determined experimentally eg by measuring the source level in an anechoic 
chamber or with the source and receivers far from any reflecting surfaces. Some sources eg. 
traffic noise may be deduced from measurements made over a rigid surface, and corrected 
using certain assumptions about sound propagation over an acoustically hard surface to give 
a free field spectrum. Atmospheric absorption can be calculated from formulae such as those 
described by Bazley (1976) (see chapter 3 ). 
Another way in which the attenuation due to woodland is often quoted is as an 'inser- 
tion loss'. The insertion loss is the level measured at a given separation distance and source 
and receiver height resulting from a source over 'open ground' minus the level measured 
using the same source and experimental geometry with the sound propagating through a 
belt, or stand, of trees. Another way of putting this is: the (excess) attenuation through 
woodland minus that across the open ground. The reference 'open ground' used evidently 
has a considerable effect on the insertion loss. Grassland is often used as the reference 
ground since it would be the most likely ground covering if the woodland or belt were not 
there. The reference ground is generally chosen to have a similar gradient for direct com- 
parison between the two cases without consideration of the ground configuration. The meas- 
urements of attenuation over the reference ground and through the woodland are often 
made on the same day in order to minimise the effects which could be caused by different 
meteorological conditions, however, the vegetation itself affects the meteorological condi- 
tions so this assumption may not be valid. Other possible errors encountered in making 
insertion loss measurements include the differences between the properties of different refer- 
ence grounds and the forest floor. The effect of different ground surfaces will be discussed 
later in this chapter. 
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2.2 Empirical Measurements of Sound Propagation Through Tree Belts and Woodlands. 
Table I Summary of some results using broad-band source and analysis. 
Author Vegetation Insertion Excess Sound 
Loss Attenuation Source 
Kragh (11079) I lease mixed IMI1 8 9dBA '50hn Railway 
15 years old. 
Kragh (1979) Dense tuixed belt 6-7dIlA'S0111 Railway 
10 20 years. 
Kragh (1981) Deciduous trees and M111 LAeq Roads 
bushes 5-10 years. 
Kragh (1981 Very Dense white 3-5dB LAcq Roads 
spruce belt 3m 
wide 40 years old. 
lless and I ligh mixed stand 35dß Car engine 
Dursteiner (1961) 200-250tn belt. 
(less and Dense Oak thicket 45dß Car engine 
Kurstctner (1961) 200-250m belt. 
Whitcombe and Illicumanisatum 07dBA Lawnmower 
Stowers (1973) hedge 
Whitcombe and Ilhcunu anisatum MUM car at 60mph 
Stowers (1973) hedge. 
Oznuek and Dense Scots Pine 15d1125m White Noise 
Kobek (1970) stand. 
Ozmick and Birchwood with under- 15dB'l4m White Noise 
Kobek (1970) storey 12 years old. 
Ozumek and Scots pine with herbat- 15dB'15nt White Noise 
Kobek (1970) cons ground vegetation 
6 years old. 
Visnapuu and 7nt belt of unbrashed 3-8dB Traffic 
Margus (1977) spruce 2.5m high. 
Schiller, Conifer stands eg. Pinus spp. 
ý O. 1dBA/m white noise 
Schaudinschky and Callitris verrucosa, Thuya 
Keller (1981) orientalis. 
Schiller. Broadleaved stands eg Ficus 0.2dBA/m white noise 
Schaudinschky and retusa or Acacia saligna. 
Keller (1981) 
Table 1 summarises some reported results. This serves to illustrate the kind of meas- 
urements which have been made and the wide differences between methods and presentation 
of results. Interpretation of and comparison between such results is difficult due to 
differences in technique. and uncertainty about the actual techniques used, including such 
factors as the source spectrum. weighting used on the results. reference ground used for 
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insertion loss measurements etc. Differing results within the sane study do. 
however. indicate that the attenuation does depend on the source spectrum (eg. \Vhitcombe 
and Stowers. hragh) and the vegetation type (eg. liess and Dursteiner. Ozirnek and Kobek). 
Cook and van llaverbeke (1971.1974.1976.1977) carried out extensive measurements 
of attenuation through belts of trees in both rural and urban situations. They compared 
measurements of the drop in sound level with distance through tree belts with those over 
open ground and produced empirical equations to predict sound levels behind belts. They 
also produced recommendations for the planting of trees for traffic noise control. The empir- 
ical equations are limited to tree belts similar to the shelter-belts in agricultural land in 
Nebraska from which the equations were deduced. Different equations were constructed for 
each of three belt types (coniferous, mixed and deciduous) and three sound sources 
(truck 
noise. cars at 40 mph and the noise at a bus stop). These authors did observe that the 
attenuation was also dependent on belt density but were unable to find a satisfactory 
method of numerically evaluating belt density. 
The following recommendations were made using the results from the initial study: - 
Where possible taller varieties of trees which have dense foliage with a relatively uni- 
form vertical foliage distribution (or a combination of trees and shrubs to give this 
effect) should be used. 
Close planting is required to give a continuous, dense barrier, and evergreens or decidu- 
ous varieties which retain their leaves are recommended. 
A tree belt should be approximately twice as long as the distance from the noise source 
to the receiver, and, when used as a screen parallel to a road, should extend equal dis- 
Lances along the road on both sides of the protected area. 
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The construction of a fence, wall or earth bank can be used to give immediate protec- 
tion from noise and can later be supplemented as plantings of trees and shrubs grow to 
give a dense belt. This combination is recommended for urban sites with severe prob- 
lems from a large road. A large landform of sufficient height to screen the traffic from 
view is recommended to reduce noise from high-speed car and truck traffic. with 
several rows of trees and shrubs planted on and adjacent to it. 
In general the severity of the noise problem and land available will normally dictate 
the actual noise control barriers used, especially in urban areas. The visual screening of 
the sound is. however thought to be essential. 
The conclusions and recommendations reached by Cook and van llaverbeke are based 
largely on their experimental results but also appear to draw heavily on 'common sense' 
conclusions since the experimental results have to be extrapolated from measurements made 
through very dense and wide rural belts and some dense urban belts. The use of a specific 
broad band source and analysis in terms of A-weighted decibels limits the extrapolation 
possible to account for sources with very different spectra. 
Assessment of Stand Density 
As mentioned above. Cook and van Ilaverbeke had some difficulty in relating vegeta- 
tion density to attenuation. These authors, and others, have studied various ways in which 
tree belts, and more extensive stands could be characterised in terms of their density for 
comparison with acoustical measurements. 
Drawing from work carried out in other fields. Cook and van llaverbeke investigated 
the use of radioactive methods which give an estimate of the amount of matter between two 
points. this is generally only useful at short distances therefore not applicable in a wood- 
land situation. Windbreak specialists use a measurement of the reduction of wind by a tree 
belt as an assessment of density. Cook and van Ilaverbeke did not find this to be a useful 
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technique in their studies. this may be due to the fact that their belts were probably wider 
than a typical windbreak. 
Eyring (1946). one of the earliest authors investigating sound propagation in wood- 
lands, used a measure of visual penetrability to assess density (figure 2.1) with an increase 
in visibility relating to an increase in attenuation. These experiments were carried out in 
tropical jungles consisting of large-leaved plants and in most of the results the visibility is 
mainly restricted by the leaves suggesting that they are also responsible for the attenuation, 
except in zone 5 of figure 2.1 in which the visibility is greater than in zones 3 and 4 but the 
attenuation is greater. apparently due to the large size of the tree trunks. 
Most noise propagation prediction schemes such as that of Kragh et al (1982a) state 
that to be at all effective in reducing noise a tree belt should prevent the sound source being 
seen from the receiver. This is related not only to the observed fact that a denser stand pro- 
vides more attenuation but also the secondary, psychological effect. that is, a noise source is 
perceived to be less intrusive if it is screened from view. A popularly held belief that vege- 
tation is an effective controller of noise also contributes to this 'psychological attenuation' 
effect (eg. Lim 1981). 
Embleton (1963) found no correlation between visibility and attenuation in measure- - 
ments of attenuation in homogeneous deciduous and evergreen woods, and Leonard and Her- 
rington (1971) found no significant difference between a 'good' and 'poor' pine stand. 
Cook and van Haverbeke stated that they had not found an estimate of ground cover 
significantly correlated with attenuation. The experiments of Kellomaki et al (1976). how- 
ever. did correlate various numerical descriptors of ground cover and vertical structure of 
the stand with the measured attenuations. These measurements were made in stands of 
three different species (pine. spruce and mixed birch/conifer) and at different stages of 
growth. The sound source was white noise (2011z to 100kJlz) played through an amplifier 
and loudspeaker to produce a signal at 100 dE3A 1 ni from the speaker. The resulting level 
was measured at distances of 12 to 96m from the source. by a sound level meter reading in 
dBA. The densities were investigated in terms of total stem number per hectare. basal are of 
the stand ( 1712 /ha) and volume ( in-1 /ha). Contrary to the results of Cook and van Ilaver- 
peke, two of these were found to be significantly correlated with attenuation. A positive 
correlation of' logarithmic form was found between the total stem number (trees over 2m 
high) and attenuation and there was also a positive correlation between the basal area of the 
stand and attenuation. 
The vertical structure was investigated in terms of a lower tree storey (% of trees of 
height h. 2m <h< 3/4 height of dominating trees ). the percentage of self-pruned stems and 
the density of the bush storey (number of stems per ha). The regressions for the first two 
were found to be significant but the bush storey density did not appear to be significant. As 
the other two parameters showed that the presence of branches at lower levels increases 
attenuation, it is thought that the nature of the bush storey or experimental technique used 
account for the lack of a significant effect of the bush storey. There is no reason to suppose 
that stands with several storeys would not be more efficient in attenuation than a single 
storey. 
The relationship between the height of the stands and attenuation is approximately 
parabolic. the attenuation increasing with height up to about 12m and decreasing as the 
stand gets higher. This is related to the growth stages of the trees which also reflect the 
vertical structure. The shorter trees are in the seedling and middle aged stage with branches 
down to ground level, whereas in mature stands the percentage of bare stem area is high. 
The correlations obtained from these results were used to construct equations from which 
the sound pressure can be predicted. Measured and predicted values were very highly corre- 
lated (correlation coefficient - 0.984). 
The conclusions of Kellomaki et al are broadly in agreement with Cook and van 
Ilaverbeke and also of Beck (1968) that a large amount of foliage at low levels of the stand 
is important in stands planted for noise attenuation purposes. The differences in the detailed 
conclusions can be traced to the differences in the sources and stands used, and illustrate the 
limitations of such studies which do not investigate the frequency dependence of attenua- 
tion. 
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The fact that Kellomaki et al used white noise and Cook and van Ilaverbeke used 
traffic noise or a lawnmower account. in part, for the differences in the conclusions drawn 
about the correlation between density and attenuation. The attenuation caused by the 
scattering and absorption of sound by tree trunks, leaves and branches is largely a high fre- 
quency phenomenon, therefore the white noise source would have been affected more than 
the sources with little energy in the high frequencies, the use of A-weighting will only par- 
tially account for this difference. This clearly illustrates the need for more information 
about frequency dependence to be gathered in experiments. The predictions of Cook and van 
llaverbeke are evidently more applicable to noise control since they did use a common noise 
source, traffic noise, in some of their experiments. The use of three different traffic noise 
spectra in the construction of the prediction equations recognises that attenuation is depen- 
dent on frequency: but only partially accounts for factors affecting the frequency spectra of 
traffic noise. Measurements of sound propagation vs frequency such as those made through 
roadside tree belts in Denmark by Kragh (1982) are more applicable to a generalised noise 
prediction scheme. 
A further reason for the differences between the conclusions of different studies is the 
vast diversity in what is termed a 'woodland' or 'forest' and the further complication intro- 
duced when the inhomogeneous structure of a tree belt is used. The tall, well-established 
shelterbelts used by Cook and van Haverbeke gave an increased attenuation with height 
because the dense shrub and understorey layers at the edge of the belt could continue to 
grow and develop as the trees in the centre grew to give attenuation to a greater height; 
whereas as the stands of Kellomaki et al grew taller, the lower layers became progressively 
more shaded and their growth was therefore inhibited giving rise to the parabolic relation- 
ship of attenuation vs height observed in this study. 
The lack of undergrowth and living branches in mature forestry stands affects many 
studies of sound propagation in woodland since such stands are generally the most readily 
available. Deciduous plantations are more likely to have an understorey since more light is 
able to reach the ground levels particularly in spring, but they are still less dense than the 
woodland edges where the lower levels can develop under good light conditions. A belt of 
trees can be considered as two woodland edges which may have a 'hollow' area similar to a -' 
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forest stand in between. 
Physical density, ie. the ratio of solid matter and air, is used in the characterisation of 
materials such as fibreglass for comparison with acoustic properties. The problems of obtain- 
ing such a value for woodland are evidently quite considerable. Martens (1980) has how- 
ever described measurements of this kind on a smaller scale in a paper reporting on the 
attenuation of 'model forests' ie. small trees in pots in an anechoic chamber. It was con- 
cluded that there is a positive correlation between the total biomass of the leaves and 
attenuation. and also between the maximum size of the leaves and the frequency at which 
high frequency filtering of the sound starts. The results are illustrated in figure 2.2 it is evi- 
dent from this figure that different species have a different effect on attenuation. Aylor 
(1972a) gives a similar relationship for very different vegetation type. ie maize and phrag- 
mites beds, this is reproduced as figure 2.3. these two species give a similar relationship with 
attenuation and frequency. Aylor and Martens used different parameters to describe the 
'amount' of material present. ie the leaf area density and the total biomass, respectively. 
Martens states that the relationship obtained in the model forests is rather different to that 
obtained by Aylor. but Aylor (1981) later points out that if the values of F from figure 2.3 
are converted to total biomass, the two papers are in closer agreement. The conclusions 
reached by these authors are that foliage is an effective filter of sound. absorbing the high 
frequencies and that, given knowledge of the total biomass (or leaf area density) and the 
dimensions of the leaves, the attenuation can be predicted. Martens further concludes that 
the physical differences between the leaves of different species also affects attenuation. 
Kellomaki et al (1976) described differences between different species with their mixed 
and spruce woodlands giving more attenuation than pine. Mitscherlich and Scholzke (1977) 
also found spruce forests to be more effective in attenuating sound than either broadleaved 
trees or Scots pine: oak was found to be more effective than beech, and Scots pine the worst 
of the stands studied. It is, not clear, however, whether these specific differences are due to 
actual differences between foliage types or simply an increase in biomass in the propagation 
path due to the different growth habits. 
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FIG. 10. A chart from which -to estimate terrain loss 
coefficients for tropical jungles. Zone 1, very leafy, one 
sees a distance of approximately 20 ft., penetration by 
cutting; zone 2, very leafy, one sees approximately SO ft., 
penetrated with difficulty but without cutting; zone 3, 
leafy, one sees a distance of approximately 100 It., free 
walking if care is taken; zone 4, leafy, one sees a distance 
of approximately 200 ft., penetration is rather easy; zone S. little leafy undergrowth, large bracketed trunks, one sees a distance of approximately 300 ft., penetration is easy. 
Figure 2.1 
Relationship between terrain loss and visibility. from Eyring(1946). 
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Figure 2.2 
Relationship between excess attenuation and plant physical parameters, from Martens(1980). 
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Figure 2.3 
Relationship between excess attenuation and plant physical parameters. from Aylor(1972a). 
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2.3 Frequency Dependence of Sound Propagation in Woodland. 
The results reported by Eyring (1946) of sound propagation in tropical forests are 
quoted as a Terrain Loss Coefficient in dl3/ft as illustrated in figure 2.1. The terrain loss is 
approximately the same as excess attenuation since attenuation due to spherical spreading 
was accounted for. Later studies have shown that the attenuation in woodland is not a 
linear relationship with distance because of the effects of interferences between the waves 
travelling in a direct sound path and those reflected from the ground, as well as the 
differences between woodland edges and more extensive woodlands described above. The 
reason that fyring's results could effectively be constrained to a linear relationship with 
distance is probably due to the nature of the forests studies ie. dense, uniform tropical 
forest with large leaves. The source and receivers may also have been sufficiently high above 
the ground to reduce the ground effect to a relatively small effect. The height of the 
transmission path above the ground is not quoted in this paper since. presumably. the 
significance of the ground effect and therefore the exact experimental geometry were not 
appreciated at the time. 
Many later studies have shown the characteristic pattern of attenuation in woodland 
which does not follow the increase of attenuation with frequency shown in Lyring's results 
probably for the same reasons as the linear relationship with distance discussed above. The 
results such as those of Aylor (1972). Linskens et al (1976). Martens (1981). Lanphear 
(1971) and others show a marked peak in attenuation at low frequencies (200 to 500 Hz) 
with a dip in the mid-frequencies and a further increase in the higher frequencies. Figures 
2.4 to 2.6. show some of these results. Marten et al (1977 and 1977a) do not observe the 
low frequency peak. this is probably because the peak for the ground surfaces used occured 
below the lowest frequency measured ie. 35011z. 
The results of the measurements carried out using traffic noise as a source by Kragh 
(1982) show that a similar pattern of attenuation can be detected in tree belts (see figures 
2.7 and 2.8). The expected attenuation from grassland is compared with that measured 
through dense roadside belts. These results elucidate the reasons for the discrepancies 
between the results from different studies using belts of trees and calculating insertion loss. 
-» 
The insertion loss would, in fact, be negative in the frequency range 500112 to 1250112 of 
figure 2.7 using the grassland attenuation as the reference. therefore sounds with much 
energy in this frequency range could he attenuated less by the tree belt than by the grass- 
land. Other belts investigated in this study did show a greater, or very similar attenuation 
through the belt than across grassland at all frequencies (eg. figure 2.8). 
Much effort has been spent, by many authors, on explaining the mid-frequency dip but 
the low frequency peak and mid-frequency dip are now known to be a result of the ground 
interference effects. The high frequency attenuation has' been shown in many studies to be 
well above that explained by ground effects or that measured over open grassland. and is 
therefore thought to be more directly attributable to the presence of the trees. 
- 18 - 
0 
o 25 
z 
2 
20 / 
/ 
  % 
I-- Z 15 I 
/ , °-1 
10 
N lea o 
W 
li 
X5a -I W1' 
.Yý e 
. 0 
100 2468 1000 2468 10 000 
FREQUENCY- Hz 
FiG. 1. Excess attenuation in decibels/100 ft for corn (0), hemlock (o), pine measured at 200 It (Q), pine measured at 100 It (0). brush in summer (a), and brush in autumn (A) at frequencies of 100 to 10 0001iz. The source height was Im for the corn and 1.5 m for the hemlock, pine, and brush. 
Figure 2.4 
Excess attenuation through vegetation. from Aylor(1972). 
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Figure 2.5 
Excess attenuation in a spruce forest. from Martens(]981). 
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Excess attenuation in a mixed poplar forest. from Martens(1981) 
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Attenuation by a roadside tree belt, from Kragh (1982). 
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Attenuation by a roadside tree belt. from Kragh (1982). 
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2.4 Sound Reduction Due to the Forest Floor. 
Knowledge of' the effect of the ground is important in the interpretation of all outdoor 
sound propagation studies where the propagation path is close to the ground. It is evident 
that the ground surface in a woodland is markedly different in character to a grassland or 
other outdoor surfaces. This fact is important in the interpretation of insertion loss meas- 
urements and, indeed, all propagation results. 
As mentioned above the low frequency peak in attenuation in woodland is now gen- 
erally attributed to. so called, ground interference effects. Figure 2.9 shows a basic model of 
sound propagation over ground. the sound field at the receiver is a result of sound travelling 
both in a direct and a reflected path. The sound wave incident on a non-rigid ground is par- 
tially absorbed and changed in phase on reflection. The low frequency peak in attenuation 
can be explained by interference between the two waves reaching the receiver. At the fre- 
quency at which the two waves have a phase difference of 180 ° (7r radians). destructive 
interference occurs and the sound waves cancel out causing a peak in excess attenuation. At 
frequencies either side of this peak the waves partially interfere with each other. The phase 
difference depends on the pathlength difference between the two wave paths. and the phase 
shift on reflection. The magnitude of the ground interference peak depends on the amount of 
energy absorbed at the surface. 
Embleton (1963) presented measurements of excess attenuation in woodland with the 
source outside the wood. The results from the first 50 ft of vegetation gave a typical S- 
shaped pattern of excess attenuation. Embleton attempted to account for this in terms of 
mechanisms such as resonances by the branches. In the light of current knowledge these 
results can be shown to be simply the result of ground attenuation, and the reason the S- 
shaped pattern was only observed in the edge measurements, an artefact of the way in 
which the measurements were carried out and results presented. The peak in excess attenua- 
tion probably occurred in all the measurements but subtracting the excess attenuation spec- 
tra from two successive distances caused cancelling of the peak. This can be fairly accu- 
rately predicted using the prediction model described in chapter 4. as can be seen in figures 
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2.10 and 2.11 (calculated using the Delany and 13azley model with o= 30.000 mks rayls). 
The high frequency part of' figure 2.10 evidently diverges from the ground prediction and is 
therefore attributable to other attenuation effects. The measurements and ground prediction 
diverge less in the data of figure 2.11. this suggests a greater high frequency attenuation 
caused by a layer of dense edge vegetation. 
The propagation model used in this study is presented in detail in chapter 4. The equa- 
tions described originate from the Weyl-van der Pol formulations for a spherical wave 
incident on a hard boundary from electromagnetic wave theory (Weyl (1919) and van der 
Pol (1935)). They were first applied to sound wave theory by Rudnick (1947). and much 
has been written about the application of the theories in outdoor sound propagation and cal- 
culation of the various components of the equations: eg. by Ingard (1951). Attenborough 
and Heap (1975). Attenborough (1978 and 1982). Embleton et al (1976). The surface acous- 
tic impedance is a complex value which is used in the propagation models as the main 
parameter characterising the ground surface, it describes the absorptive and phase-shifting 
properties of the ground surface, and is dependent on the physical properties of the ground. 
Direct measurements of ground impedance have been described by various authors 
using techniques to detect the absorption and phase change caused by a surface. One tech- 
nique which has been used to measure the impedance of woodland soils (eg by Talaske 
(1980) and Carlson et al (1976)) is an adaptation of a standard laboratory impedance tube. 
This device consists of a loudspeaker mounted at the end of a long tube, the other end of the 
tube is driven a few centimeters into the ground and pure tone sound waves projected down 
the tube so they reflect from the ground and cause a standing wave pattern which is 
detected by a probe microphone within the tube. The impedance can be deduced from a 
knowledge of the standing wave pattern. In an alternative impedance tube set-up. measure- 
ments are obtained from the transfer function between two small microphones mounted in 
the side of the tube, close to the ground, - in this case white noise is used, not a pure tone 
(Chung and 131aser 1979). Studies carried out at Pennsylvania State University showed that 
differences in impedance measured using the two different types of impedance tube are negli- 
gible. 
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A technique which measures the impedance at oblique angles of incidence is described 
by Embleton et al (1976) and van der Iliejden (19S4). In this technique an array of micro- 
phone positions is used to measure the changes in the interference pattern, of pure tones. 
along a straight inclined path ie the same acoustic 'ray' (as in figure 2.9) is followed by a 
moving microphone or array of microphones. The real and imaginary components of the 
normal surface impedance can be calculated from precise measurements of this interference 
pattern. Embleton et al (1976). and others, have shown that for outdoor ground surfaces. 
normal incidence techniques such as the impedance tube. and oblique incidence techniques 
such as the inclined track method give similar results. ']'his shows that the ground can gen- 
erally be assumed to be 'locally reacting'. The local reaction assumption is that the sound 
travelling inside the air spaces of a porous medium, travels into the ground normal to the 
surface whatever the angle of incidence of that sound wave is onto the ground. The alterna- 
tive to the local reaction is the extended reaction in which the sound travels at an angle to 
the surface, that angle depending on the refractive index of the porous medium. The local 
and extended reaction assumptions are portrayed graphically in figure 2.12. 
Some Measured Impedances 
Research workers at Pennsylvania State University (eg. Talaske(1980). Carlson. 
McDaniel and Reethof (1976)) have described the forest floor as a two- layered medium 
with a top layer of a known depth and a semi-infinite lower layer. This model calculates the 
surface impedance from a knowledge of the characteristic impedance of the two layers. 
Talaske (1980) carried out impedance tube measurements of the surface impedance of forest 
floors and showed that the model is valid for a three-layered forest floor at two contrasting 
sites, the forest floors studied consisted of a litter layer and a humus layer of decaying litter 
over-lying the mineral soil. The characteristic impedance of the underlying mineral soil was 
measured by removing the litter and humus layers and using the. impedance tube in-situ. 
The characteristic impedance of the top layers was measured using, a thick sample of the 
litter and humus material, or comparing the surface impedance of one and two layers of the 
material with a rigid backing in a method described by 1'yett(1953). The results of the 
measurements are illustrated in figure 2.13 along with some predictions from the two- 
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layered model. In a mature red pine stand the litter layer of fallen needles was shown to be 
virtually transparent, having a very low impedance, the top layer for the two-layered 
model was therefore assumed to be just the humus layer which did have a significant 
impedance value. The other site investigated was a mixed hardwood and white pine planta- 
tion. In this site the litter layer was found to have a significant acoustic impedance. which 
was similar in value to the impedance of the humus layer, therefore the top layer was 
assumed to consist of the litter and humus layers together. Figure 2.13 shows that the 
values predicted from the impedances of the two layers are generally within the scatter of 
the measured data points, except for the low frequency values of reactance in the pine plan- 
tation. 
Figure 2.14 shows some impedance results reported by Martens, van der Ileijden et al 
(1985) measured using the inclined track technique. The result from the pine wood with 
and without the litter layer only shows a slight influence of the litter layer on the acoustic 
impedance of the soil, and the result of removing first the litter then the humus layers of 
mixed wood indicate that the organic layers have little effect on the overall acoustic 
impedance. the stripped soil still having a low value of impedance. These authors state that 
their measurements do not reveal the reason for the acoustically soft nature of woodland 
soils. A real part of impedance which is relatively independent of frequency has been shown 
(eg. by Attenborough (1985)) to be characteristic of the impedance of a layered medium. 
The fact that the woodland soil impedance of these studies exhibits this kind of frequency 
dependence suggests that the soil is acting, acoustically. as a layered medium even with the 
organic layers removed, it is possible that this is due to the presence of a relatively porous 
'A' layer or some other influence of the vegetation on the soil. 
Measurements of ground impedance have been suggested eg by Attenborough and Hess 
(1985) as a means of deducing physical soil parameters such as the porosity, since the 
acoustic impedance is related to the volume, and configuration, of pores in a porous medium. 
Delany and Bazley (1970) described a method of relating acoustic impedance to the air flow 
resistance of fibreglass absorbents. The impedances of samples of fibreglass were measured 
using an impedance tube, the flow resistivity measured, and the two parameters compared 
by regression analysis. Approximately 200 data points were used to determine the following 
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power law relation, for normalised resistance (l2) and reactance (X) (impedance =R+ iX). 
-0.75 -11.73 
h' = 1+9. U8 and X= 11.9 
f 
(2.1) 
f= frequency, cr = flow resistivity in cgs rayls. (The form of this equation given in chapter 4 
is in piks units and a different convention for impedance used ie. a positive real part). 
('hessel (1977) suggested the use of these equations in the prediction of impedance of 
outdoor ground surfaces for predictions of propagation. Piercy and Embleton (1979) 
presented the results of fitting predictions of sound propagation to their own, and other 
authors' propagation measurements using these formulae to calculate impedance and thereby 
deducing the most appropriate value of flow resistivity for that ground surface. Their 
results are presented in table 2.2 
Table 2.2 Best Fit Effective Flow Resistivities of various ground Surface as Reported 
by Piercy and Embleton (1979). 
Description of Surface flow resistivity in mks rayls. 
4 inches new fallen snow 10.000 to 30.000 
Sugar snow 25.000 to 30.000 
Forest floor, pine or hemlock 20.000 to 80.000 
Grassland of various types 150,000 to 300,000 
Roadside dirt, ill-defined. 300,000 to 800.000 
small rocks up to 4 inches. 
Sandy silt, hard packed by 800,000 to 2,500.000 
vehicles 
Earth. exposed and rain-packed 4.000.000 to 8.000.000 
Asphalt. sealed by dust and use > 20,000.000 
Experiments have shown that measured flow resistivities of soils are often around half 
of that predicted by propagation measurements. (results of flow resistivity measurements on 
soils are. however, very variable). The difference in porosity between the materials used by 
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Delany and 13azley (porosity f2 = 1) and soil (f0.5) accounts for this apparent 
discrepancy. Thus if the parameter is replaced by 
ýý 
for the glass fibre materials this 
becomes 
f 
and for soil approximately 
2L. 
Thus or in equation 2.1 should be thought of 
(T 0, 
as an 'acoustical' or 'effective' flow resistivity. 
Considerably more complicated models relating the physical parameters of soils to the 
acoustic properties have recently been proposed, for example Attenborough (1985) describes 
a model which uses four physical characteristics. the flow resistivity, the porosity, the tor- 
tuosity (or 'twistiness') of the pores and a factor accounting for the shape of the pores. This 
four-parameter model could be extended to give a nine-parameter description of a two lay- 
ered medium of the type described by Talaske each layer having four parameters. It is evi- 
dent that this introduces an unwarranted level of complexity into the description of the 
ground for outdoor sound propagation prediction. since the results of Piercy and Embleton 
(1979) show fairly 'good agreement between measurement and prediction. One or two 
parameter approximations to the four-or-more parameter models are also presented by 
Attenborough (1985). these have the advantage of being theoretically derived rather than 
empirical (as the Delany and Bazley equations), and take account of different ground 
configurations. Equations are presented to calculate impedance for layered ground and 
ground which has an increasing porosity with depth as well as for a homogeneous ground. 
The different ground types give a different characteristic frequency dependence of impedance 
and therefore of excess attenuation. The equations of these one and two parameter models 
are given in chapter 4. 
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Receiver 
Image Source 
Figure 2.9 
Diagrammatic representation of the propagation of sound 
above a ground surface. 
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Figure 2.10 
Predicted attenuation for 15.38m (50ft) of round. 
Points are mean measurements from Embleton 
(1963) 
for first 
50ft of woodland corrected to d9/measurement distance. 
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Figure 2.11 
Predicted difference between excess attenuation at 150ft and 200ft. 
Points are mean measurements from Embleton (1963) for corresponding 
50ft of woodland corrected to dB/measurement distance (50ft). 
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Figure 2.12 Diagrammatic representation of sound transmission 
into the ground. 
Local reaction when 9t = 0. 
Extended reaction when 2t X D. 
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Figure 2.13 
Real and imaginary parts of acoustic surface impedance of forest floors. 
Impedance tube measurements compared with prediction from two-layered ground 
impedance model. from 'l'alaske(I 980). 
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Figure 2.14 
Measured impedance of forest floors. from Martens et al (1985). 
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2.5 Other Mechanisms of Sound Attenuation by Trees and Shrubs 
I'he attenuation of high frequency sound in woodland is variously attributed to 
absorption or scattering effects of the trunks, branches and foliage. The main possible 
absorbing elements of a wood are the surface of the trunks and the leaves, as well as the 
ground. Scattering effects are also thought to have a significant attenuating effect. Scattering 
occurs when a sound wave encounters a part of' a tree (leaf, limb or trunk) which is of a 
comparable. or larger. size than the wavelength. Scattered sound waves have a greater likeli- 
hood of hitting the ground or other absorptive surfaces. 
Lyon. Blair and de Jong (1977) have reported results of both field and scale model stu- 
dies which demonstrate a greater high frequency attenuation in trees without leaves. It is 
suggested that the attenuation is due to back- scattering of sound from branches, leaves are 
thought to reduce this effect by deflecting sound towards the receiver. This result is evi- 
dently contrary to the results of most other studies. The model experiments also indicated 
that the planting of trees on or around a noise barrier reduces the effectiveness of the bar- 
rier. contrary to the results of Cook and van Ilaverbeke. Aylor (1972) found that foliage 
did cause significant high frequency attenuation, since the attenuation through a stand of 
deciduous brush was higher in summer than in winter (see figure 2A) 
Aylor (1972) and Yamada et al (1977) both propose what is effectively the same 
theoretical model for the absorption of sound energy by foliage. An equation is given for the 
energy dissipated due to viscosity by a single leaf, representing the leaf as a rectangular flat 
plate oscillating in a stationary fluid according to existing theory for fluid mechanics. 
The single leaf case is quoted by Yamada et al as 
A2 Eý = 2V 2 
S 
j«! 
ýpdw (2.2) 
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Where h', = 1? nergy loss per unit time 
A=a constant describing the dimensions and shape of the leaf 
V= particle velocity 
S= surface area of the leaf (one side) 
p= air density 
v= viscosity of air 
w= angular frequency =2 Tr f 
f= frequency (11z) 
and the random incident energy per unit time on the area S as 
pcV 2S (2.3) 
So an absorption coefficient for the leaf is 
fy «=L1= 4A 1ý (2.4) 
The individual leaf case is extended to calculate the energy loss due to vegetation by 
integrating the single leaf case over the average leaf area density (F) to give absorption of 
energy by foliage per unit time as: 
v 
dl = 
4V2 v2ý 
cos2(kx )F dx (2.5) 
Assuming plane waves are transmitted into the vegetation, attenuation over distance L 
can be shown to be: 
A. = 2.16A 
(m' 
F= 0.54FL (2.6) 
The parameter A does not appear in Aylor's model but a value of A=2.2 gives a 
model identical to that described above. 
Both authors point out that the attenuation accounted for by viscous and thermal dis- 
sipation. in this model. is considerably less than their own measured attenuation data and 
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also that of I: mbleton (1903) and Eyring (1946). It is evident that, according to this model, 
the absorption coefficient of foliage is proportional to the square root of the frequency. 
Yamada's data. obtained from four different species tested for absorption in a reverberant 
room indicated that the absorption coefficients are similar for the four species and that these 
are approximately proportional to the square root of frequency. Aylor, however, states that 
measured attenuation increases by about bdl3 per doubling of frequency ie. A, is propor- 
tional to 20log1j and suggests a formula of loss through a thin solid wall as a better 
model. In this model the canopy is represented by a single thin wall of unknown surface 
area density to sound transmission and 
7Tsf A= 20 loglo 
41.5 
(2.7) 
for air at 20 °C where S is the area density or the density times the thickness of the wall. 
This model appears to describe the qualitative aspects of the attenuation. Quantitatively an 
effective wall thickness needs to be about three leaf thicknesses to give the observed reduc- 
tion at 100011z. this is thought to be a reasonable value. 
Reethof. Frank and McDaniel (1976) present results of impedance tube measurements 
of the absorption coefficient of samples of the bark of six species of trees. The absorption 
was very low for most of the samples so the authors conclude that absorption at the surface 
of trees has little attenuating effect, although it is pointed out that the cumulative effect of 
many trees in a wood could be significant. 
Embleton (1966) proposed a model to account for absorption and scattering by an 
array of cylinders which could have some application in describing scattering by tree trunks. 
The model is defined in terms of the surface impedance. and radius of the cylinders, in an 
array. of known density, of infinitely long, uniform sized cylinders with locally reacting 
surfaces. The model is based on the theoretical work of Twersky (1953). who considered the 
multiple scattering of plane waves by such an array. Twersky's expressions were simplified 
by assuming incident waves of unity amplitude propagated perpendicularly to the plane of 
the array. The expressions presented by Embleton are described in detail in chapter 5, 
together with another model proposed by Aylor(1972) to account for scattering by tree 
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trunks, and model studies carried out to assess their application are described in chapter 7. 
Burns (1979) carried out some experiments to investigate thermoviscous absorption in 
the boundary layer around the branches and resonant effects of pine branches. Absorption 
was measured using a small reverberant chamber, the measured energy decay rate giving 
information on the absorbing capacity of the branches. Burns concludes that thermoviscous 
absorption in the boundary layer about idealised. smooth, rigid needles. and other surfaces 
of infinite heat capacity accounts, within experimental error for the magnitude of absorption 
observed within the reverberant box. The theoretical model of Attenborough and Walker 
(1972) was successfully used to predict the magnitude of absorption by the branches meas- 
ured within the reverberant box. Burns also investigates the so called anomalous gain from 
Embleton's (1963) experiments but is unable to propose a mechanism for this due to reso- 
nances or scattering. (this gain has been explained above). Further investigation of the 
theoretical model within this study has shown that, when using the theoretical expressions 
of Attenborough and Walker. the input parameters proposed by Burns appear to produce 
some mathematical instability presumably because these parameters do not meet the 
inherent assumptions of the theoretical model. It is also unclear from Burns' paper how the 
information about thermoviscous absorption could be used to predict attenuation by a pine 
stand. 
Bullen and Fricke (1982) proposed a model to combine the effects of scattering and 
absorption, in which they considered trees to act as cylindrical scatterers with a measurable 
'scattering cross section' (vs) and 'absorption cross section' (a"A ). The scattering and 
absorption cross sections were calculated for a model of paper cylinders and various trees 
and it was suggested that the values of vs and QA could be used to predict sound propaga- 
tion within woodland. In outline, the theory proposed is of a sound field within an 
infinitely wide belt of vegetation consisting of a number of sound particles or phonons. The 
scattering model is of a 2-dimensional situation and the phonon concept disregards the fre- 
quency and phase related effects. Both vertical scattering and frequency are, however, taken 
into account as they modify the values of a and al.;. lt is also shown that this theory can 
be used to predict the attenuation for various configurations of scattering arrays such as tree 
belts. One conclusion reached from the study is that a greater attenuation can be expected 
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from a belt which is about as wide as it is deep than from an infinitely long belt of the same 
depth: the extra sound energy being scattered to the sides of the belt. 
Values of o, and o:. % were determined experimentally for small trees of various 
species. The frequency at which the absorption cross section (measured in a reverberant 
room) was found to be greatest was 2kllz. dropping rapidly below this frequency. By strip- 
ping maple trees of their of their leaves it was shown that there is no measurable absorption 
by the trunk and branches. It is assumed that the absorption cross section can be directly 
scaled up for larger trees. The scattering cross section was measured for three kinds of trees. 
palm trees with and without foliage on the trunk and a fib tree with large branches. The 
resulting values of a indicate that the foliage on the palm trunk had little effect on 
scattering and that the branches as well as the trunk of the fig tree contributed to the 
scattering. 
In a later paper Fricke (1984) concludes that scattering rather than absorption is the 
more important attenuating phenomenon in the mid-frequencies while absorption becomes 
more dominant in the high frequencies, this agrees with the conclusion that the value of o 
is greater in the higher frequencies. This conclusion is reached from measurements, made in 
pine plantations. of the rate of decay of sound within the forest compared with the attenua- 
tion with distance. An increase in time decay rate with increasing attenuation with distance 
is shown to occur at the high frequencies and demonstrate that the dominant mechanism is 
absorption. In the low and mid frequencies, however, the decay with time becomes less as 
the attenuation with distance increases, this is thought to be due to back-scattering of 
energy. this scattering is thought to be from both the ground and the vegetation. 
Fricke (1984) also presents results of attenuation measurements made in three con- 
trasting pine stands. The stand which had the greatest attenuation depended on frequency. 
again demonstrating that different mechanisms are important at different frequency ranges. 
The stands all had significantly different attenuation rates at the low frequencies demon- 
strating that the vegetation had a significant effect on the properties of the ground which 
contribute to attenuation. The differences in the high frequency attenuation could be 
explained by scattering and absorption effects. A third way in which Fricke (1984) 
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demonstrates the different mechanisms occurring at different frequencies is by looking at the 
ways in which attenuation data has been presented by different authors. The two main 
ways of expressing attenuation rates are as (Il3 per doubling of distance (dl3/dd) and dl3 per 
unit distance (lU/m). Using a least squares regression analysis it was shown that at low 
frequencies the use of dl3/dd is more appropriate while at high frequencies d13/m gives a 
better fit and the mid-frequencies were no better correlated by using d13/dd or dl3/m. This 
concurs with the supposition that low frequency attenuation is due to tine interference 
between direct and ground-reflected sound and that high frequency attenuation is related to 
the quantity of biomass present to scatter and absorb the sound. 
In addition to the thermal and viscous absorption effects discussed above. the absorp- 
tion of sound due to friction within a leaf occurring when the leaf is caused to vibrate by a 
sound wave. has been suggested as a mechanism of absorption. Martens et al (1981 and 
1986) have carried out experiments to detect the vibrational modes of leaves using laser- 
Doppler-vibrometer system. Sound is broadcast onto a leaf sample and the resulting vibra- 
Lions detected by the vibrometer. Leaves were shown to act as linear mechanical systems ie 
no transformation of frequency was detected. The vibration measurements showed that the 
leaves behave conceptually as membranes or between membranes and plates. Using existing 
theory of dissipation of energy by vibrating membranes or plates. the absorption of energy 
by such vibrations is shown to be very small for a single leaf. Martens and Michelsen 
(1981) conclude, however, that the enormous number of leaves in a woodland could cause a 
significant cumulative effect by this mechanism. A further effect of leaves investigated by 
Martens et al (1985a) is the reflection of sound. Laboratory experiments showed that the 
reflection increases as a function of the square of the radius and that the mass of the leaf is 
also important. The authors suggest that in belts of trees used for screening, species with a 
larger diameter and a greater mass would be more effective. It seems, however, that, due to 
the random orientation of leaves on a tree the reflection of leaves could have other effects 
such as reflecting sound towards a receiver as is suggested by the paper of Lyon et al 
(1977) 
mentioned above. Any attenuation effects caused by leaf reflections are likely to be due to 
sound being reflected onto more absorptive surfaces such as the ground. 
- 
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2.6 Existing Prediction Schemes 
Confusion about the reliability of results of attenuation in woodland have led to their 
effect being generally neglected in practical prediction schemes. The Department of Tran- 
sport. for example. do not consider the planting of trees to be an eirective means of noise 
control, nor do they consider existing woodland in noise prognosis and planning matters. 
The results of experiments such as those described in sections 2.2 and 2.3 have, however, 
been suggested as a basis for practical prediction schemes. 
In the T. S. C. report (Weller (1972) described by ßorthwicl, et al. (1978) the follow- 
ing values of attenuation are used: 
0.01(f r dl3/ foot for tree belts. 3.2 
(2. s) 
(0.18log (f )-0.31) ' dB/ foot for shrubbery. (2.9) 3.28 
TrWL 
r--2- L+W 
Where a tree belt of width W is considered to be made up of sections of length L and f is 
the frequency. The attenuation of a number of sections can be calculated individually to 
convert the predicted attenuation of a point source into a result for a line source such as a 
road. without the use of integration. The maximum attenuation allowed by this scheme is 
20 d il. 
I'he same paper describes the NCIII: P report (Kugler and Piersol (1973)) prediction 
scheme for traffic noise attenuation. This simply states that for a belt of trees at least 15ft 
tall with sufficient density to obscure the road from view, an attenuation of 5d13/1OOft of 
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tree. to it maximum of Mill can be assumed. 
l'ragh et at (19ä2a) published a prediction scheme, mainly for industrial noise, which 
takes into account the attenuation caused by a belt of trees as long as the height is at least 
one metre above a curved transmission path and there is no visual path through it. The 
correction made for sound attenuation with the presence of a tree belt OL, is 
Al, = -n, «, 
Where n, is the number of 'groups' of vegetation, if it, >4 then it is set to 4. 
A dense forest is considered as a number of groups each of 50m. Thus if the transmis- 
sion path through the forest is d, metres n, = d, / 50. a, is the attenuation coefficient per 
group from table 2.3. 
Table 2.3: Attenuation Coefficients For Vegetation from Kragh et al (1982a). 
Octave band (Ilz) 63 125 250 500 1000 2000 4000 8000 
a,. d13/group 00111123 
The different characteristics of an extensive dense woodland and a tree belt is taken 
into account in this scheme, as a belt less than 50m wide is assumed to cause the same 
attenuation as 50m of dense woodland as long as the above conditions are fulfilled. The low 
frequency attenuation is not included here as there is a separate ground attenuation factor 
which accounts for this effect. 
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Chapter 3: Outdoor Measurement Technique 
The Attenuation measurements form the most important part of this study as they are 
it measurement of the actual propagation of sound through a wooded area. These measure- 
ments were made with a 'reference microphone' close to the source and a 'test microphone' 
at a known distance. up to 96m. away from it. The source and receivers were usually both 
set up within the wood. The attenuation calculated was the measured level difference 
between the reference and test microphone corrected for the attenuation due to spherical 
spreading and atmospheric absorption. 
]auch of the published data quotes the results of outdoor sound propagation as the 
excess attenuation ie the total field at a receiver minus the free field level expected at that 
point. Such calculations assume a constant source strength and spectrum. Obtaining such a 
constant source poses many problems. so the attenuation measurements used in this study 
were based on a measurement of the difference between the field at two microphones record- 
ing the same source. simultaneously. thus eliminating any errors caused by an inconsistent 
source. This technique has also been used by other authors, most notably by Parkin and 
Scholes (1964). The attenuation measurements made have certain similarities with 
equivalent excess attenuation measurements since they were corrected for free field attenua- 
tion. and the reference microphone was close to the source, with a much larger distance 
between the two microphones than between the source and reference. They should not. 
however. be regarded as true excess attenuation measurements since two distinct receiver 
locations with attendant ground reflections are involved. 
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3.1 Equipment 
Sound Generating System. 
A random, approximately white, noise signal was produced electronically by a system 
made up by the Open University electronics department. This consisted of a noisy cliode, 
and amplifier which combined to give an output signal of white noise. with an amplitude of 
between -IV and +1 V. An amplifier ( HI I S150 slave amplifier ). powered by an inverter. 
amplified this signal to give it sound pressure level of about 112d13 at 2m from the speaker 
unit. 
The speaker unit was an I: Iectrovoice S12-2 two-way speaker system. This has two 
speaker drivers, a 12 inch bass unit and a tweeter unit which produces the high frequencies. 
The crossover network of the speaker system has a nominal cutoff frequency of 3kllz. The 
centre of the high frequency speaker is 20cm above the centre of the bass unit. Pilot experi- 
ments showed that the centres of the speakers can safely be used as the effective source 
height ie the effective source height for the high frequencies is 20cm above that for the low 
frequencies, and that each acts as a separate point source. The frequency ranges at which the 
two speakers operate do overlap to some extent so the frequencies around 3kliz are pro- 
duced by both speakers. 
Test Microphone System. 
A Nagra IV-S1 two-channel tape recorder was used in the experiments to record the 
'test' signals ie those made at various distances from the speaker. The Nagra tape recorder 
has four inputs. 2 are line inputs which accept an a. c. signal from the two wires of a coaxial 
cable ie one live and one ground. The other two inputs are microphone inputs containing 
microphone power supplies which can be used to power a variety of microphones using spe- 
cial input adaptors. Each channel has stepped attenuators which can be adjusted in steps of 
I dl) to adjust the recording level, indicated on a meter located on the front of the tape 
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recorder. 
Two 13ruel and k jaer lialf-inch condenser microphones type 4165 with Bruel and Kjaer 
microphone preamplifiers type 2619 were used in most of the measurements, located at 
different heights during the measurements. The microphones were connected to the micro- 
phone input sockets of the tape recorder with adaptors type QSJP-13fß. Ten metre extension 
cables were inserted between the preamplifier leads and the input adaptors where required. 
The microphones were protected with foam windshields. In some of the earlier measure- 
ments a sound level meter (13ruel and Kjaer type 2203 or 2218) was used. with a half inch 
microphone capsule (13ruel and Kjaer type 4165) connected via an extension cable. The a. c. 
output from the sound level meter was connected to the line input of the tape recorder to 
record the signal. The Nagra tape recorder also has a cue microphone to record a commentary 
on a third track of the tape. this was used to make a note of the attenuator settings, experi- 
mental geometry. weather conditions etc. in addition to written notes. 
Reference Microphone System. 
The system used to record the reference level 2m from the microphone consisted of a 
ßruel and Kjaer half-inch microphone capsule type 4165, or one-inch capsule. type 4145. 
connected to the sound level meter type 2203 by the meter's adaptor, and extension cable. 
The microphone was held on a tripod stand and was covered with a foam windshield. The 
attenuator control on the sound level meter was set at an appropriate level for the signal 
being recorded i. e. so the needle on the meter read between 0 and 10. The a. c. output socket 
was used to feed the output signal into a tape recorder. The signal was recorded on one 
channel of a Uher 4400 report stereo tape recorder. This tape recorder has a recording level 
attenuator which was used to ensure that the recordings were made when the meter was 
indicating an acceptable recording level. The attenuator control is continuous and not 
stepped so signal levels can only be directly compared if care is taken not to move this 
attenuator control between recordings as there is no means of recording the magnitude of 
the attenuation of the input signal. 
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3.2 Method. 
The measurements of long range propagation in woodland were all carried out on days 
with little or no measurable wind. The wind was measured using a Vector Instruments 
I)GO(> series wind measuring apparatus which comprises a Torton' anemometer with a self- 
referencing wind vane. The windsheed and direction are recorded on a paper chart recorder. 
The anemometer was normally set up in a slight clearing within the wood. The temperature 
and relative humidity were also measured during the experimental period in order to obtain 
input values for the calculation of atmospheric absorption. The relative humidity was meas- 
ured with it whirling hygrometer. The temperature was measured using a mercury in glass 
thermometer. The temperature was usually measured at two or more heights and a mean 
value used. 
Site Preparation 
Experimental sites were chosen within an area of Forestry Commission land which was 
largely fiat and planted with various types of trees. Detailed descriptions of the sites are 
included in chapter 6. At each of the compartments used a 'measuring track' was laid out. 
Positions within the stands were marked with short wooden posts, so that measurements 
could be repeated on different days, using exactly the same source and receiver positions. A 
source position was chosen well away from the edge of the stand, and a straight path meas- 
ured with a 30m tape measure, keeping the whole measuring track within the stand. Micro- 
phone positions were marked at known distances with wooden posts. The measuring tracks 
are arranged so that the sound would propagate at an angle to the rows of trees rather than 
parallel to them ie the sound propagating through the most dense part of the stand: In most 
situations access to the source and receiver positions was fairly easily gained between the 
rows of trees. 
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Experimental Sct-up 
Figure 3.1 illuarates the configuration of the equipment used in the experiments. i'he 
source system was set up at an appropriate position marked by a wooden post. The speaker 
was put (into it tripod speaker stand with the amplifier and white noise source on the ground 
behind it. The reference recording system was set tip with the microphone at two metres 
I-rom the speaker and at the same height as the centre of the low frequency speaker cone. 
The test signal recording system was set up at a wooden marker post at a known dis- 
Lance. with the two microphones attached to an adjustable microphone stand at 1.2m and 
2.5m above the ground. The source height. to the centre of the low frequency speaker 
(hs - 
see figure 3.1). the reference microphone height 
(irr), reference separation distance (rr), the 
test microphone height (hrt). and the test separation distance 
(rt), were written on the 
experimental data sheet and recorded on the cue track. 
Calibration 
Both the reference and test systems were calibrated using a pistonphone (13 &K type 
4220) which produces a sine wave at 25011z with a level of 124dß, at the diaphragm of a 
microphone when the pistonphone is coupled to the microphone. The resulting signal was 
recorded onto the tape. In the reference system the sound level meter attenuator was set to 
120dß and the recording level control on the Uher tape recorder adjusted so that the indica- 
tor needle was near the middle of its range, after the system had been calibrated care was 
taken not to alter this control. Calibration tones were recorded on this system frequently to 
check that the recording level control had not been moved, and also to separate the signals 
since there was no cue track on this system. 
The test system was also calibrated using the pistonphone with the input attenuator on 
the Nagra tape recorder set to a level giving a reading in the middle of the range on the tape 
recorder meter. The Nagra has stepped attenuators so the recording level could be adjusted 
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tu an appropriate reading for each recording without the need for recalibration. The result- 
ins; Signal was aga in recorded. 
Measurement 
I'he background noise was recorded on the Nagra with appropriate attenuator settings. 
Two or three background noise recordings were made during a set of measurements to gain a 
representative sample. 
The sound generating system was switched on and experimental results recorded. At 
each microphone location a total of six (in some cases four) measurements were made. At 
least one reference recording was nude at the same time as the experimental recordings. Ini- 
tially a reference recording was made simultaneously with all the experimental recordings. 
but the reference levels seemed to be fairly constant over a short time period, therefore the 
number of reference recordings made was reduced to one for each set of three test measure- 
ments. At one site it was not possible to locate the reference microphone directly in front of 
the speaker so the speaker had to be turned through 90 degrees to face the reference micro- 
phone: therefore reference recordings were made directly before or after experimental 
recordings at each location (details in Chapter 6.4). A calibration tone was recorded on the 
reference microphone system after each recording. The test microphone system was recali- 
brated at intervals during a set of measurements. Each of the recorded signals was approxi- 
mately two minutes long, and the sound system was switched off between each one. 
The sequence of test measurements made was: 
i) 2 microphones set up at 1.2m and 2.5m above the white marker post. 
ii) repeat with microphones displaced 0.5m to 1m to one side. 
iii) repeat with microphones displaced 0.5m to Im to the other side of the, marker post. 
iv) Move to another test microphone position and repeat the measurements. 
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Interpretation of Tape Recordings 
Figure 3.2 is a block diagram illustrating the equipment used to analyse the calibrated 
tape recordings. In this set-up a program runs on the NOVA 4 minicomputer which 
remotely controls the Nicolet F1'l' analyser and reads the resulting, data from it. The Nicolet 
1r1"I' analyser calculates averaged rms spectra of the voltage of the signals as it function of 
frequency. from the signals played back from the tape recorder into each of the two input 
channels. 
For these experiments the FIT analyser was set up to analyse frequencies up to l(kllz. 
the frequency range being covered by 400 points ie points at 2511z spacing. The rms spectra 
were read by the NOVA 4 minicomputer, from the internal storage buffers of the Nicoles 
F171' analyser, and stored on floppy discs: together with information about the set-up of the 
F1'f analyser and the Nagra tape recorder attenuator settings which were required in later 
analysis. The data was then transferred to a mainframe computer (VAX 11/780) where all 
further calculations were carried out. As the recording was played back the voltage output 
for the calibration tone (25011z) was also noted so that the rms spectra could be converted 
to sound pressure levels, using the software described below. 
Analysis of Data 
The main parameter calculated is the attenuation which is, as described above, the 
difference between the sound pressure levels at two microphones corrected for the expected 
attenuation due to spherical spreading and atmospheric absorption. 'Raw data' files from the 
Nicolet are used in the FORTRAN program 1IF2MK (source code listing in appendix A) to 
obtain the sound pressure level at each of the two microphones and the attenuation. A 
description of the program DIF2MMK follows. 
The raw data file names are first read into the program along with data about the 
instrumentation used in the data collection and analysis. Subroutine SLMS1: 1' calculates the 
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scaling parameters which are recluireci to calculate the sound pressure levels from the vol- 
tage data obtained from the Nicoles. In order to calculate the sound pressure level for the 
measured spectra the voltage output by the tape recorder from the calibration tone (V1) is 
used to calculate a reference voltage (V,,. 1 ). 
The basic formula used is: 
Sound Pressure Level = 120 + 20 lob,  T1, 
If 
(3.1) 
For the Nagra tape recorder the voltage into the tape recorder (V; ) is used to account for the 
fact that different attenuator settings are used for the calibration tone and the measurement. 
V; is calculated from the tape recorder output voltage (V0) using the formula 
V; = 10A, 20 V,, (3.2) 
Where A, represents the Nagra tape recorder attenuator settings. 
The recordings on the U her are taken at the same recording level as the calibration 
tone, therefore the output voltages of the calibration tone and recorded signals are used 
directly, so V; = V.. 
At the calibration level of 124dß equation 3.1 gives 
vi 
V"f = 
1O . 
(3.3) 
This value of V,,. j is characteristic of the measuring system and is therefore used, in 
the main program, to calculate the sound pressure levels from the voltage data. 
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Subroutine SI. NMSI1' also set,, the parameters used in the main program to account for 
the attentºator setting, of tlºe sound level meters. For the sound level meter type 
2203 
(used in the reference microphone system) the following formula is used, in place of eclua- 
Lion 3.1 to calculate the dli level 
Sound Pressure Level = ALLenualor Netting + 20 logt (3.4) Tof 
therefore the attenuator setting is used directly in the calculations to correct for differences 
between the setting for the calibration (120) and that for the measurement. 
The sound level meter type 2218 has only three attenuator settings marked as dß 
ranges. The different settings effectively alter the value of 
V,,. ý by a factor of 10 or 100 
compared with the highest setting used for the calibration tone: the modified value of V,., f 
and an 'attenuator setting of 120 are used in the above equation. Where no sound level 
meter is used no further correction for V,,, 1 is required and a notional 
'attenuator setting' of 
120 is returned to the main program to be used in equation 3.4 in further calculations, 
which is then evidently equal to equation 3.1. 
The data from each file is then read into the program. The header block written onto 
the top of the data file by the NOVA routine is read first and the tape recorder attenuator 
settings read from it. The data is in the form of four columns the first two being the rms 
voltage spectra of the two channels. Only one column of the Nicolet data is required i. e. the 
rms. spectrum of either channel A or 11 therefore this is put into a new array with the 
appropriate frequency values for each point. The first four points corresponding to the dc. 
2511z. 5011z and 7511z measurement points are discarded. every point up to and including 
the 41st point are included in the array with every alternate point up to the 400th point. 
'T'hus an array with 2 columns and 216 rows is formed, the first column is the frequencies 
which range from 1001hz to lkllz with 2511z spacings and from 105011z to 10khz with 50 
Ilz spacings. and the second column is the voltage corresponding to that frequency. 
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Fhis array provide. the raw data used to calculate the sound pressure level at the 
microphones. The effect of the Nagra tape recorder is calculated by putting the tape 
attenuator setting (A, ), passed over from the Nova in the header block of the raw data file. 
into equation 3.2. The data is converted from volts to d13 at the microphone using equation 
3.4. the attenuator setting being the value returned from SLN1SI'I'. The level at each micro- 
phone is written to a data file. The difference between the two levels is calculated and 
corrected for the free field attenuation as described below, and the resulting attenuation 
value written to a data file. 
The attenuation in the 'free field' case is well known as the attenuation due to spheri- 
cal spreading and atmospheric absorption. The free field attenuation is calculated in subrou- 
tine CORFFAA. The reduction in sound pressure level due to the spreading of the wave 
front in a sphere from a point source is calculated as: 
20 1oglo(rt / rr ) (3.5) 
where rr and rt are the source - receiver distance for the reference and test microphones. 
respectively. 
Atmospheric absorption is calculated using the equations described by Bazley (1976) 
for absorption of pure tones. The total absorption is the sum of 'classical absorption' ie. 
losses due to viscous and thermal effects of sound travelling through a gaseous medium 
(Me., ): and the molecular absorption of the nitrogen and oxygen molecules (MN andM o 
respectively). The total absorption coefficient is the sum of the three components: 
M M,.,. +MN +Mp nepers /m (3.6) 
or 
M=4.343(M,., +M, +Mo) dill cm 
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where 
"ý(t+0.0011 )J' nf 3. ax10 1 
1.7x 10-x lr1, / 
(1+0-003601 )"' 
x 
2.77x 1()-' j 2+112p2 
J1 = 
RII 
7'-a 922 10( 2". 5318-2939/ ) 
2f 
x 4.2425x10-`' + 8.816SX10-Yt + 5.4834X10-"'t 2 j/1 +1'/ f 
F= 30560 xpx 11 1 
f= frequency 
t= temperature °C 
'T = temperature °K 
RII = relative humidity 
Since measurements of air pressure are not made during experiments the air pressure is 
assumed to be 1. 
An example of a measured attenuation spectrum is illustrated in figure 3.3 it is evident 
that even with only half the original data points included at the higher frequencies the 
trends of the data are rather difficult to see due to the scatter of the data points. This is 
largely clue to the fact that the FI"I' analyser calculates equally spaced frequencies on a 
linear scale. whereas this graph, following normal convention is plotted on a logarithmic 
-00- 
scale. giving it concentration of data points in the high frequency part of the graph. This is 
particularly troublesome when two or more spectra are to he plotted on the same graph: 
therefore a routine is used to 'smooth' the data. A simple wild point editing algorithm is 
used which smooths the graph of figure 3.3 to give figure 3.4. It is evident that little infor- 
mation is lost in this procedure and the resulting spectrum is considerably clearer. All the 
other measured data presented in this thesis has been smoothed in this way. 
The measured attenuation can be used to compare different measuring situations and 
also to compare measurements with predictions from the ground and scattering models 
presented in Charters 4 and 5, respectively. 
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Chapter 4: Prediction of Sound Propagation Over Ground. 
4.1 Propagation Prediction Model 
The simplest model for a prediction of outdoor sound propagation is that of plane 
waves travelling over a flat. homogeneous ground surface, with the air assumed to be sta- 
tionary and homogeneous. In this case the sound pressure at a receiver is the result of sound 
travelling as illustrated in the ray diagram in figure 4.1. The two paths by which the sound 
reaches the receiver are the direct path in a straight line between source and receiver. (dis- 
tance r1) and the reflected path (distance r2). which can also be described as originating 
from an 'image source' from within the ground as illustrated in figure 4.1. 
The result of an addition of the direct and reflected rays depends on the relative phase 
and magnitude of the two rays. If the phase of the two rays is the same the sound from the 
two ray paths will add coherently. giving an increase in the sound pressure which is twice 
that of a simple addition of the sound pressures. if they are IM) degrees out of phase the 
rays will cancel out, processes termed 'constructive and destructive interference' respec- 
tively. Where the phase difference is between 0 and ISO degrees the interference effects will 
be intermediate between the two. These interferences, and therefore the sound pressure lev- 
els are highly dependent on frequency. 
Figure 4.2 shows the possible paths of a sound wave incident on the surface of a fluid: 
a porous medium such as a ground surface can be considered as a modified fluid since the 
penetration of sound into the medium is primarily through the air-filled pores. so this 
diagram is relevant for a porous ground surface. For a locally reacting surface 0, =0 .A 
non-zero value of 0, is referred to as extended reaction. Extended reaction can be described 
in terms of the refractive index n. 
sin0 
n=k, 
ý sign(, 
X4.1) 
-('( - 
kand kt are the propagation constants of air and ground respectively (kt is complex). A 
high value of n indicates local reaction. 
The total pressure at a receiver, of sound propagating from a point source over a flat 
surface is expressed as 
e 14 41,2 +Q ' (4.2) 
rý r, 
where 1; is source pressure. and Q is a correction for the change of phase and magnitude at 
the ground surface known as the reflection coefficient. 
The reflection coefficient Q depends on whether local or extended reaction is assumed 
and whether the wave front is plane or spherical. The plane wave reflection coefficient (R',, ) 
has been suggested as a useful approximation of Q. (eg by Delany and l3azley 1970a). The 
use of the plane wave reflection coefficient does not describe the propagation of plane waves, 
since equation 4.2 accounts for spherical spreading, but has been shown to adequately model 
the propagation of spherical waves in some situations (notably where 0 is small). The 
extended reaction plane wave reflection coefficient is 
0.5 
Zcos9-f 1-sin 20/ n2 
Rv (4.3) 
ZcosO+f 1-sin 201 n2ý 
where 
Z- the normalised surface impedance plc i/ po, c(, 
P and pi = density of air and ground. 
c and cI= sound velocity in air and ground. 
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It is evident that il 0, is 0 ie. the local reaction case sin`O/ n2=0 so the plane wave 
ref1ectiýýn coefficient for a locally reacting, surface is 
A, - 
Zcoso-1 
r 
. co 
(4.4) 
Local reaction is usually assumed for outdoor sound propagation calculations because the 
ground surfaces generally have a much greater propagation constant than that of air, giving 
a large value of n in equation 
(4.1) and indicating local reaction. Impedance measurements 
made at oblique incidence have been shown (eg. l: mbleton et al 1976) to give similar results 
to those made using wave propagation normal to the surface in an impedance tube as 
described in chapter 2: this also indicates a locally reacting surface. Measurements made by 
Cramond and Don (1984) also indicate that the local reaction assumption holds for outdoor 
ground surfaces. Further reference to the plane wave reflection coefficient R can therefore 
be assumed to refer to the local reaction case. 
The more complete representation of spherical wave propagation uses the above 
reflection coefficients incorporated into more complicated spherical wave reflection coefficient 
equations as described by Rudnick (1947). based on the Weyl-van der Pol formulation cal- 
culated for electromagnetic wave theory of the reflection of spherical waves incident on a 
hard boundary. A term often described as the ground wave term is added to the plane wave 
reflection coefficient to give the following expression for Q 
(local reaction case). 
Q =R,, +(1-RP )F(w ) 
F(w) the boundary loss factor is defined as 
(4.5) 
ýn 
F(w) = 1+2iýwcý-"' 
f 
e2d! (4.6) 
-, J "" 
-h1 - 
which can also he expressed as 
I'(w) = NI 7M' c-" crj c(-i'w) (4.7) 
where w, the numerical distance is approximated by Rudnick as 
i2k, a-, 1 
12 jj k(, , 1- 
12sin-B 
(4.8) 
(1-hr lý lk 
For local reaction case the final term can be neglected so w for the locally reacting ground 
surface can be expressed as 
ik, a- I(cos 0 +ß)2 
w= 2 
where 0, the complex normalised admittance is l/Z. The calculation of 
e-°'erfc(-iV ) 
(4.9) 
used in the analysis follows the method of Chien and Soroka (1975). modified in Chien and 
Soroka (1980). 
The use of the calculation using the plane wave reflection coefficient with the local 
reaction assumption has been shown to agree well with measured data in many outdoor pro- 
pagation situations. It is evident from equations (4.2) and (4.4) that this will predict com- 
plete cancellation of the sound at or near grazing incidence at all frequencies. since grazing 
incidence assumes a value of 0 of 90 degrees giving a value of K,, of -1. and equal values of 
r1 and r2 causing a value of 1; of 0 in equation (4.2). 
(141 
The spherical \a\"e equatiOfl arroUi I Iur %%iIVC Baths other than those illustrated in 
figure -1.1. ie the NO called ground wave and surlace wave. 
Figure:. 4.3 and 4.4 illustrate the 
range of validity of the plane wave assumption by plotting the difference. in decibels 
between the total hrensure calculated using the plane wave and spherical wave reflection 
coefficients ie 
A Ilr 1 ^', L'ý11'! 
I' 
20 IUglu r2 
11' 1r 11ý 2 
`ýr + 
ýRl, 
+(1-RJ (tvýJýr, 
(4.10) 
It is evident that at high frequencies and short separation distances the spherical wave 
and plane wave assumptions will give the same result. As the separation distance increases. 
ie the propagation path is closer to grazing incidence the difference between the calculations 
increases in both graphs. It should be noted that the source and receiver height are also 
important. the difference Ar between the distance rt and r, being the main geometrical 
parameter influencing sound propagation. Since the source and receiver heights are virtually 
constant for these graphs an increase in separation distance represents a decrease in Ar. The 
fact that the graphs show a zero difference at some frequencies. suggests that none of the 
experimental geometries illustrated are sufficiently close to grazing incidence to totally 
invalidate the plane wave assumption, on grounds of the cancellation effect. The two calcu- 
lations do however give a significantly different result at the lower frequencies for the 
longer distances. The impedance of the ground also affects the range of frequencies over 
which the plane wave assumption holds. The ground parameters used in figure 4.4 
represent a harder ground surface than that of figure 4.3 and the difference between the two 
assumptions although somewhat smaller, extends to a higher frequency. 
The calculations used to predict sound propagation over ground, in this work, always 
use the spherical wave assumption since. where it is not required. the final term simply 
reduces to 0. The increased speed of computing which could be attained by using a plane 
wave assumption is not required as computing time is not critical. 
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r 
Receiver 
Image Source 
Figure 4.1. Diagrammatic representation of the propagation of 
sound above a ground surface. 
Figure 4.2 Diagrammatic representation of sound transmission 
into the ground. 
Local reaction when Bt = 0. 
Extended reaction when Bt / 0. 
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Figure 4.3 Oifference between predictions using the 
plane wave and spherical wave reflection coefficients. 
Impedance predicted using equat i on 4.15. a- e= 100.000. 
hs=1.3m. hr=1.3m, r=2m. 
----' hs=1.3m, hr=1.2m, r=24m. 
------ hs=1.3m, hr=1.2m. r=48m. 
------- hs=l. 3m. hr=l. 2m, r=96m. 
w 
a, U 
C 
Ol 
L 
a! 
4 
4- 
-10.00 
0.10 Frequency (kHz) 10.00 
Figure 4.4 Difference between predictions using the 
Plane wave and spherical wave reflection coefficients. 
Impedance predicted using equation 4.15, o- e=1.000.000. 
Geometry as in figure 4.3 
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4.2 Impedance predictions. 
Impedance is a complex value which describes the acoustic properties of a material. The 
real part of impedance is termed the resistance and the imaginary part the reactance. In 
predictions of sound propagation above a ground surface. as described in section 4.1. a value 
of the normalised surface normal impedance (%) is required. The normalised impedance is 
the specific acoustic impedance divided by the product of the density of. and sound velocity 
in. air. Various models are available which predict the surface impedance of ground surfaces. 
some of these are presented in this section. 
4.2.1 Delany and Bazley Senii-empirical Model 
Delany and I3azley (1970) carried out a series of impedance tube measurements of the 
surface impedance of porous fibrous materials and compared the results with measurements 
of the flow resistivity of the materials. They obtained the following relationships between 
flow resistivity and normalised surface impedance. 
1 
0.0.75 
a10.0.732 
Z= 1+o. 057l 
P 
+i 0.087 fP 
(4.11) 
where o- is the flow resistivity in mks rayls, f is the frequency and p is the density of air. 
normally taken as 1.21. 
The bulk propagation constant kb of the materials was also measured and used to cal- 
culate the following relationships between the flow resistivity and the normalised bulk pro- 
pagation constant k,, thus: 
k,, = 1+0.97S 
P 
+i(). 1ä9 fp (4.12) 
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I: sherimentý have , Ilo\. 'n that flow resistivity values deduced from this model are fre- 
quently around twice the value of measured flow resistivities fur outdoor ground surfaces 
(flow resistivity measurements for soil are rather difficult to obtain and results tend to be 
very variable). This suggests that the value of cr in equations (4.11) and (4.12) should be 
regarded as an 'effective' flow resistivity. This effective flow resistivity is in fact closer to 
the product of' the flow resistivity and the porosity. since the porosity of the materials used 
by I)elanv and Bailey was about I and that of soils is normally about 0.5. 
4.2.2 Attenborough Four Parameter Model. 
Attenborough (19tH) has developed a model based on detailed theoretical analysis of 
the acoustical behaviour of rigid air- filled homogeneous granular materials. This uses four 
physical parameters of the granular material to predict the characteristic impedance. The 
four physical parameters used are. the flow resistivity (Q) the porosity (12). a pore shape 
factor (SI ). and a grain shape factor (n'). The characteristic impedance is defined as: 
wq2 4= (4.13) 
kt, cD 1-} TO' 
o. 5 
Y= 
(8pq2 
sý di 
f 
The normalised bulk propagation constant is expressed as: 
k1,2 =y2 
N". 
-7a-- 
. /, (. v ) FVT 
f= frequency 
c= speed of sound in air 
N,,, = I'randtl number in air 
p= density of air 
y= ratio of specific heats of air 
q2 = tortuosity = 0-" 
J 1(x ). J(x )= First and zeroth order Bessel functions. 
4.2.3 Rigid-Backed Layer Models. 
The Delany and l3azley impedance model predicts the surface impedance since it is a 
result of empirical measurements of surface impedance, whereas the theoretical model calcu- 
lates the characteristic impedance. The characteristic impedance is. however. equal to the sur- 
face impedance for a homogeneous layer of material sufficiently thick to be assumed infinite. 
Either model can also be extended to give the surface impedance of a thin layer of the 
material overlying a rigid backing, thus: 
Z=Z, coth( -ikld ) 
(4.14) 
where 
ki =k,, 
w 
c 
and 
d= layer depth. 
The layer depth at which this equation becomes the homogeneous case (L =1_; ) evi- 
dently depends on the flow resistivity as well as the layer depth. This agrees with the 
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hhýýical reality. that sound is more likely to be reflected back to the surface from the rigid 
backing. in it medium with high porosity and flow resistivity ie one that is more -tran- 
spdrent, to sound. For example. the results of Van der I leijden (19S4) suggest that only the 
top 10cm affects the surface impedance. cif' sandy soil.. 
4.2.4 Approximations to the Four Parameter Theoretical Solutions 
Attenborough (1985) has calculated approximations of the four parameter model for 
high flow resistivities and low frequencies. These result in calculations of surface impedance 
using only one or two parameters, The approximate models are: 
Homogeneous Ground Approximation. 
The characteristic and therefore surface impedance of a homogeneous or semi-infinite 
laver of ground is approximated as : 
u. 5 
Z 2z 0.218 ý. (l+i) (4.15) 
j cr 
effective flow resistivity v, 
S_ 
Thus the resistance and reactance are equal. 
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Variable Porosity Approximation. 
Published data has shown that the porosity of natural and cultivated soils often 
decreases with increasing depth. The porosity is assumed to decrease exponentially with 
depth. A parameter a is used to describe this increase in porosity such that the porosity at a 
depth x is: 
11(x )= C1(0) exp(-ax) (4.16) 
The surface impedance for this approximation is defined as: 
u. 5 
Z --0.218 f+i 0.218 
0.5 
f 
+9.74 
" (4.17) 
where o, is the value at the surface 
and 
n ICY 
-1 Qý =O 172 
It is evident that when cx is 0 this is the same as the homogeneous approximation. as would 
be expected. 
Rigid Backed Layer Approximations. 
Attenborough (1985) uses an approximation for the surface impedance of a rigid- 
backed layer which has the form: 
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== O. OOOS2cr,. d,. +i 
3ý 1) (4.1 ti ) 
effective depth d,. = Std metres 
This is based on the first term of the series expansion for the hyperbolic cotangent (coth) 
used in equation (4.14). The resistance is independent of frequency. It is evident that 
increasing the layer depth to approximate to an infinite layer does not produce a result that 
is equal to the homogeneous approximation as the homogeneous model does not have a 'flat' 
resistance and frequency dependent reactance. Therefore this approximation is only valid for 
a thin laver. where Ik Id 
I<< 1. 
An extension of this model can be made which equals equation (4.18) for a thin layer 
and low flow resistivity and equation 
(4.15) (homogeneous approximation) for a thicker 
laver and higher flow resistivity. This uses a direct calculation of the coth term of equation 
(4.14). which is easily achieved using the complex mathematics capability of FORTRAN. 
The surface impedance of a rigid backed layer can be expressed as: 
Z 0.218 
0.5(l+i) 
x coth 
(-i 
5.59X10-S(1+i )(o. f )O--5d,. 
1 
(4.19) 
The layer depth corresponding to the value of de is dependent on the porosity. thus a 5cm 
layer of porosity 0.5 will have the same effect as a 6cm layer of porosity 0.42; except of 
course that the flow resistivity is likely to be different. In order to determine whether a par- 
ticular value of d,. is likely to correspond physically to the homogeneous case, some 
knowledge of the likely porosity is required eg. a value of d, of 0.08 will correspond to a 
layer depth of more than 10cm in a soil of porosity 0.5. and is therefore likely to approxi- 
mate to the homogeneous case. Figure 4.6 shows a comparison between the approximations 
of equations (4.18) and (4.19). The two are similar at low frequencies. ie a smaller value of 
kI and diverge at high frequencies. It is evident from equation (4.19) that the 'coth term' is 
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dependent on I requency. flow resistivity. porosity and depth, an increase in any of' these 
increasing the argument of' Goth. so that the coth terns tends to 1 I'or high frequencies and 
large values of flow resistivity. porosity or depth. Thus this model encompasses both equa- 
tions (4.1S) and (4.15) for appropriate ranges of the various parameters. 
4.25 Fitting Impedance vs Frequency Data 
Several people have used the Delany and l3azley model to predict the surface 
impedance from propagation measurements over outdoor ground surfaces by deducing a now 
resistivity value (eg 1? mbleton et al. 1976). There have however been other results which 
cannot be adequately explained by this model. It is evident from equation (4.11) that at 
high frequencies the value of "L predicted by the Delany and 13azley model tends to I+ iO 
the frequency response of the impedance predicted by this model can be seen in figure 4.5. 
Some measured impedance data has been shown to have the frequency dependence of this 
type of prediction, other measurements however do not follow this pattern. 
The data of impedance of a forest floor from Van der Ileijden(1984) shown in figure 
4.6 can be more closely predicted by the rigid-backed layer approximations. in which the 
resistance is largely independent of frequency, and the reactance varies with the inverse of 
frequency. The data shown in figure 4.8 can be approximated by the homogeneous model in 
which the resistance and reactance are equal and vary with the inverse square root of fre- 
quency. The data and prediction of figure 4.7 show the frequency dependence of the variable 
porosity approximation. Figures 4.6 to 4.8 are taken from the paper by Attenborough 
(1985) in which the parameters used to calculate the predicted impedance are deduced from 
one particular point from the data, as indicated. The prediction in figure 4.6 which is calcu- 
lated using equation (4.18) is the one corresponding to the prediction in Attenborough 
(1985) from which the input parameters are calculated. 
The models described above all imply certain assumptions about the ground surface ie. 
whether it is homogeneous, layered or has a decreasing porosity with depth. The ground 
beneath trees can be seen to consist of a porous layer of fallen leaves and humus overlying a 
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(aver of mineral %oil. 
The woodland floor data of figure 4.6 can be described acoustically as a thin layer with 
a rigid backing. The more detailed model described by Talaske(19M)) for a thin layer over- 
lying it semi-infinite porous layer. which is demonstrated as fitting impedance measurements 
of it forest floor, could be useful in deducing the characteristics of a forest floor given 
detailed impedance measurements. However it was not used in this study since the one and 
two parameter models described above are thought to be adequate for the deduction of 
impedance from propagation measurements. and models requiring more than two input 
parameters would present considerable difficulties in fitting predictions to measured data. 
The variable porosity approximation may, however. model a multi-layered situation in 
which deeper layers have successively higher porosities (an(] therefore higher flow resistivi- 
ties). The use of the models presented in this section, in predicting sound propagation is 
described in section 4.3. 
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Figure 4.6. Rigid-backed layer approximation. 
Measured impedance of forest floor from Van der Haijden (1984) 
Predictions : 
Equation 4.19 oe= 60.053 mks rayls. and de = 0.0325m. 
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Figure 4.7. Variable porosity approximation. 
Measured impedance of meadow from Van der Heirjden (1984) 
Prediction uses equation 4.17 o- o= 126.824 mks rayls. 
and oce = 195/m 
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4.3 Description of Attenuation Function 
Equation (4.2) gives the total sound field at a receiver for it point source and a known 
source pressure level. To express the interference effects of a ground surface independently 
of source strength or spectrum. a ratio between two cases with the same source is used. The 
commonest ratio used is the excess attenuation ie. the-total sound pressure minus the free 
field pressure. 
eIL0rý e" 
0r2 
1: 
I'l Excess Attenuation fl (dB )= 20 log,  r4 r2 
(4.20) 
c 01 
or 
I 
(4.21) AP = 20 log10 1+r1Qe"4 0('2-" 1) r2 
The attenuation function calculated from the measurements. as described in chapter 3 
is the difference between the level at the reference microphone and that at the test micro- 
phone, minus the attenuation due to spherical spreading and atmospheric absorption. In 
order to predict this attenuation function the difference between the excess attenuations for 
the two microphones is calculated thus: 
Attenuation (d13) = 20 1ogio 
f u"o, "i ne 'to'"2 iLo't C +Lr C 
r1 rZ t! 
C, 0,1 I Ci(0, ) Q, ei 
w2 
rý tý tZ 
(4.22) 
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where Iº. t, and Q, refer to the test microphone and º" I. r2 and Q, refer to the reference 
microphone. The reflection coefficients Q, and Q, can be calculated using the same ground 
parameters or different ones depending on the situation. 13y definition 
1 
I= 
I since kgjrI is reaI 
I 
ell"' 
and 
ý; 
11 ("' 
I=I 
since k 4, t I is rea l 
therefore the actual function calculated is: 
Attenuation = 20 logy 
CAill 
n e"0"2 
r1 r2 
14 
`, 
'l 011 012 ri 
ti t2 
(4.23) 
The attenuation due to spherical spreading of the direct path is accounted for in equa- 
tion (4.23). in the term . The resulting attenuation value calculated is therefore the 
difference in sound pressure level which could be measured between two microphones 
located above a flat surface of known surface impedance. assuming no atmospheric absorp- 
tion: this is directly comparable to the measurements described in chapter 3. The micro- 
phone closest to the source is normally referred to as the reference microphone and the one 
further from the source as the test rnicrophone.,. but, the. equations. above are. equally valid 
for any two receivers with the same source. 
The prediction of attenuation is calculated using the FORTRAN program PREDDIFF 
(see Appendix A). PRfi1UlFF is designed to calculate attenuation in order to make 
O- NO 
comparisons with the measured data. Since all the measurements are made using the 1: 1ec- 
Irovoice S12-2 speaker, it correction i` made for the fact that the unit consists of two 
speaker cones, one producing the high frequencies and the other the low frequencies. The 
nominal cutoff frequency for the crossover network is 300011z. ie the frequencies uh to 
300011z are mainly produced by the low frequency cone and those above 3000112 by the 
high frequency cone. A correction is made for the fact that the two speaker cones are at 
different heights, by adding 0.2m to the source height when the frequency is above 300011z. 
The source height input to the program is the distance from the ground to the centre of the 
low frequency speaker. It should be noted that this correction does not mimic the action of 
the speaker exactly. since at the frequencies around 300011z sound is produced by both 
speaker cones. 
Dependence of Attenuation Function on Geometry. 
Figure 4.9 is an example of the predicted attenuation calculated using equation (4.23). 
the input source and receiver locations ('experimental geometry') used are commonly used in 
the experiments. The impedance is calculated using equation (4.15) with an effective flow 
resistivity of 100,000 mks rayls. The frequency dependence of the attenuation function is 
typical of those calculated for all the experimental geometries; it consists of an 'interference 
pattern ' of a number of large scale peaks which are made up of several small scale peaks 
and dips. The main low frequency peak is broader than those at the higher frequencies 
when plotted on the normal logarithmic frequency scale. To make further descriptions of 
the attenuation function clearer, the smaller scale peaks and dips which make up the large 
low frequency peak will be referred to as the 'lobes' of that peak. The narrow, high fre- 
quency peaks are often not observed in outdoor sound propagation measurements. due to 
large and small scale turbulent effects and scattering by vegetation, which disrupt the phase 
of the waves making destructive interference-less likely. 
Figures 4.10 to 4.14 show the dependence of the attenuation on the geometry of the 
system. lach of these figures has the attenuation function of figure 4.9 plotted as a solid 
line 
and two other attenuation graphs. The source and receiver locations used in the two 
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ciillerent graphs are it result of increasing only one of the 
dimensions by IU and 50 per cent. 
a dilrercnt dimension is varied in each figure. 
Figure 4.10 shows the change in attenuation caused by increasing the test microphone 
height. the effect is to shift the high frequency peaks to a lower frequency. The low fre- 
quency heal, and smaller peaks are not, however. shifted in 
frequency but the magnitude is 
slightly reduced by increasing the test microphone height. 
Figure 4.11 shows the change in attenuation caused by increasing the test separation 
distance. the effect is to shift the high frequency peaks to a higher frequency. The low fre- 
quency peak and smaller peaks are again not shifted in frequency but the magnitude is 
increased by increasing the test separation distance. 
Figure 4.12 shows the change in attenuation caused by increasing the reference micro- 
phone height, the effect is to shift the low frequency peaks and smaller peaks to a lower fre- 
fluency and change their magnitudes. The high frequency peaks are only slightly altered in 
magnitude and the frequency at which they occur is unchanged. 
Figure 4.13 shows the change in attenuation caused by increasing the reference micro- 
phone separation distance the effect is to shift the low frequency peaks and smaller peaks to 
a higher frequency and change their magnitudes. The high frequency peaks are again rela- 
tively unchanged. 
Figure 4.14 shows the change in attenuation caused by increasing the source height. 
All the peaks are shifted to a lower frequency and altered in magnitude. 
The shape of the attenuation spectra are evidently dependent on the locations of both 
the reference and test microphones. The shape and magnitude of the high frequency part is 
largely determined by the location of the test microphone whereas the low frequency part is 
more sensitive to changes in the location of the reference microphone. Altering the source 
height. of course, affects the geometry of both the test and the reference microphone system. 
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The shape of the attenuation function and its dependence on different dimensions of the 
system can he more clearly explained by examining the two excess attenuation spectra 
which make up the attenuation function. 
Figures 4.15 and 4.16 illustrate the calculated excess attenuation function of the test 
and reference microphone positions respectively of figure 4.9. The correction for the change 
in source height at 30001Iz has been made in these calculations. The peaks and dips are 
caused by interference between the direct and reflected rays. It is evident from these figures 
that the large scale peaks of the attenuation function originate from the test microphone 
excess attenuation and the small scale ones from the reference microphone. 1)ue to the sub- 
traction of the test microphone signal from the reference microphone signal a dip in the test 
microphone excess attenuation gives rise to a peak in the attenuation function. The size and 
number of peaks and dips in the calculation of excess attenuation is highly dependent on the 
geometry of the system, in particular the difference in distance between the direct and 
reflected path ( Ar ). In general, increasing the value of Ar effectively shifts the peaks to a 
lower frequency and fewer peaks will occur in a given frequency range. It seems that the 
smaller the separation distance ( or larger Ar ) of a system the lower the frequency range 
in which the geometry has a significant effect on the excess attenuation and therefore the 
attenuation function. All the figures described in this section are calculated using the same 
assumed pattern of ground impedance, as will be seen in the next section the impedance 
model used, and parameters input to the impedance model, also affect the attenuation func- 
tion: particularly the low frequency part. 
Dependence of Attenuation Function on Impedance 
Figure-4.17 shows. the attenuation function of figure 4.9. -compared with attenuation 
calculated using the homogeneous approximation with different values of effective now 
resistivity. It is evident that the part of the attenuation function which is most affected by 
the change is the low frequency peak. The frequency at which the high frequency peaks 
occur is virtually unchanged. although the magnitude is somewhat altered. 
4% 
1) 
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A greater input flow resistivity ie harder ground surface, effectively shifts the low fre- 
quency peak to a higher frequency. The frequency at which each 'lohe' of the peak occurs- is 
unchanged. but their magnitudes change so that, in this example. the first lobe is the highest 
for o. = 100.000. the second is the highest for o', = 200,000; giving a second lobe higher 
than the second lobe of the first graph, but lower than its first, highest lobe. In the third 
graph ie oý. = 1.000.000 the third peak is the highest. Again it is higher than the correspond- 
ing lobe o1' the other two graphs. but lower in magnitude than the maxima for the two 
softer surfaces. The excess attenuation spectra from which figure 4.17 is calculated are plot- 
ted in figures 4.15 and 4.19. The excess attenuation graphs show that the shift in frequency 
and magnitude of the low frequency peak is due to a corresponding difference in the low 
frequency dip of the excess attenuation for the test microphone. The effect of the change in 
flow resistivity on the reference microphone follows a similar pattern but the magnitude of 
the change is very small. Thus the shape and location of the first peak in attenuation of a 
measurement gives information about the ground surface. particularly the ground between 
the reference and test microphones: when compared with. and fitted to. such model predic- 
tions (see section 4.4). 
Figure 4.20 again shows the attenuation function of figure 4.9. this time compared 
with attenuation calculated using the rigid backed layer approximation (equation 4.19) with 
different values of effective flow resistivity and effective depth. The use of a thin layer ( d, 
= 0.01) has a similar effect to a high flow resistivity as seen in figure 4.17 ie the highest lobe 
of the attenuation is one at a higher frequency. and the highest value of attenuation is less. 
The frequency at which each of the lobes peak is slightly higher when the rigid-backed layer 
model is used. The spectrum of attenuation for d, =0.1 is the same as the homogeneous 
approximation. This is as would be expected as a value of d, of 0.1m corresponds to a layer 
depth of 0.2m assuming a porosity of 0.5; a layer this deep would be expected to approxi- 
mate to an infinite medium. The intermediate value of d,. illustrated in figure 4.20 d, = 
0.02m has a low frequency peak at an intermediate frequency as it represents a 'softer' sur- 
face than the thinner layer. but is still a significantly layered surface. The first lobe of the 
low frequency peak is narrower than those seen before, and at almost the same magnitude 
as the second lobe. The maximum attenuation of the low frequency peal, is slightly higher 
for this surface than the homogeneous prediction, some values of de give a much larger 
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attenuation as a high 'sharp' Teak. The high frequency peaks are the same in the homogene- 
aus and thin layer cases 
figure 4.21 shows the variation of the attenuation function resulting from different 
values of a, in the variable porosity model. Increasing the value of cr, from zero (the 
homogeneous model) to 100 and 200 represents a harder ground surface. since the value of 
o, given is. the value for the surface. and the (low resistivity increases with the decreasing 
porosity at depth. The effect of the increase in 'hardness' of the ground is similar to that of 
figures 4.17 and 4.20 ie. the low frequency part peaks at a higher frequency. The peaks are 
higher for the harder surfaces. In both variable porosity graphs the second lobe of the low 
frequency peak is the highest one. with the first lobe being less marked, particularly in the 
graph where a, is 100. The graph with a, equal to 200 has a very large 'sharp' peak. such a 
high value of a,, gives a ground which is similar to a thin rigid- backed layer. Again the 
high frequency part is virtually unaltered. 
Figure 4.22 shows the variation of the attenuation function with different values of 
flow resistivity in the Delany and lIazley model. The pattern is broadly similar to that of 
figure 4.17 with the frequency at which the low frequency peak occurs increasing as the 
flow resistivity increases. The high frequency peaks occur at the same frequency for these 
predictions as for the predictions using the other models. 
Figures 4.23 to 4.26 are predictions of the attenuation function calculated using a 
different test microphone location ie separation distance of 96m. and the same impedance 
predictions as figures 4.17 to 4.21. These figures are included to show that the conclusions 
reached about the dependence of the attenuation function on ground impedance hold for 
other experimental geometries. Figures 4.23 to 4.26 show a largely similar pattern of chang- 
ing attenuation with different ground impedances: ie. the harder ground surfaces have a low 
frequency peak at a higher frequency. The main deviation from the descriptions of figures 
4.17 to 4.22 is that the variable porosity prediction with a,. = 100 has the first lobe as its 
highest peak while in that using a,. = 200 the first and highest lobe corresponds to the 
second lobe of the other two graphs. Again the high frequency part is virtually unchanged 
in all the graphs. 
O 
Summary of the Characteristics of the Attenuation Function. 
The low frequency peak is the hart most affected in its location and shape by changes 
in impedance. The shape of this peak is dependent to some extent on the model used while 
its location is dependent on the location of the reference microphone as well as the ground 
parameters. A harder ground surface ie higher flow resistivity, lower value of d,., or higher 
value of a,. gives a low frequency peak which occurs at a higher frequency; the peak can be 
higher. lower or of the same magnitude as a softer ground surface. depending on the experi- 
mental geometry. 
The frequency at which the high frequency peaks occur is determined by the location 
of the test microphone (see section 4.3.1) and only slightly affected in magnitude by the 
impedance. The impedance of the models and measurements decreases with frequency so 
that at high frequencies the impedance value is small and similar. The ground wave term of 
the propagation equations has been shown to be very small for high frequencies at the 
source and receiver locations used in the experiments 
(see section 4.1). The attenuation cal- 
culation therefore effectively uses the plane wave reflection coefficient at high frequencies 
(equation 4.4). which is dependent only on cos 0 and the surface impedance. Keeping the 
experimental geometry constant and only changing the impedance slightly will therefore 
only give a slight change in the magnitude of the high frequency part of the graph. 
As described above. excess attenuation can be expressed as 
r1 iLo(, '2-0'1) A, = 20 logio 1+r2Qe (4.21) 
Since changes in the ground parameters have been shown to have little or no influence 
on the location of the high frequency peaks: the term 
C 
1(0(' 2-' 1)=C iL0-11 
- 
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in this equation evidently determines the frequency at which the peak occurs. This term 
varies in value from it minimum of -1.0 + 0.0i to 1.0 + 0.0i. Since the reflection coefficient 
has it negative real part which approaches -1 at high frequencies. (corresponding to a 'pres- 
sure release' type of surface) and the ratio of r, and r2 is positive. the maximum value of 
this expression (ie. 1.0) will minimise the excess attenuation calculation. A value of 1.0 + 
0.0i is obtained when the term k44r=2nir where n is a positive integer. This represents the 
values of k at which the direct and reflected waves are 1ti0 degrees out of phase ie. destruc- 
tive interference takes place. A value of -1.0 + 0. Oi is obtained when the term 
k Ar=(2n -1)7r This represents the values of k at which the direct and reflected waves are 
in phase ie. constructive interference takes place causing a maximum in the excess attenua- 
tion graph. The test microphone location at high frequencies of figures 4.9 and 4.15 (source 
height=1.5m. receiver height=1.2m. separation distance=48m therefore Ar=0.076nß ), 
would be expected to give minimum values of excess attenuation (maxima of attenuation 
function) at frequencies of 4513 IN and 9026 liz, and a maximum (minimum attenuation 
function) at 6770 liz. 'T'hese maxima and minima can be seen in figures 4.9 and 4.15. 
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Fi gure 4.9. Attenuation Function. 
Reference microphone: - hs=1.3m, hr=1.3m. r=2m. 
Test microphone: - hs=1.3m, hr=1.2m. r=48m. 
Impedance calculated from equation 4.15 o- Q =100.000. 
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Figure 4.10 
Attenuation function at 3 different test microphone heights. 
hr = 1.20m; -- -" 1.32m; -- -1.80m. 
other dimensions as in figure 4.9 
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Figure 4.11 
Attenuation function of 3 different test distances. 
r= 48. Om: -- -" 52.8m: -------72. Om. 
other dimensions as in figure 4.9 
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Figure 4.12 
Attenuation function at 3 different reference microphone heights. 
hr 1.30m; ---, 1.43m; - -'-l . 95m. 
other dimensions as in figure 4.9 
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Figure 4.13 
Attenuation function at 3 different reference distances. 
r=2. Om. -- -'" 2.2m; -"-"-3. Om. 
other dimensions as in figure 4.9 
Figure 4.14 
Attenuation function at 3 different source hai qhts. 
hS = 1.30m: -- --' 1.43m: -`- -- -I, 95m. 
other dimensions as in figure 4.9 
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Figure 4.15. 
Excess Attenuation. 
Test microphone: - hs=1.3m. hr=1.2m. r=48m. 
Impedance calculated from equation 4.15 a-e =100,000. 
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Figure 4.16. 
Excess Attenuation. 
Reference microphone: - hs=1.3m, hr=1.3m. r=2m. 
Impedance calculated from equation 4.15 c- Q =100.000. 
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Figure 4.17 
Attenuation function. us 
o- e= 100.000 
---- a- e= 200.000 
-"-'-" c- e =1,000,000 
Experimental geometry as 
II 
ing homogeneous approximation. 
mks rayls 
mks rayls 
mks rayls 
in figure 4.9 
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Figure 4.18. 
Excess Attenuation. 
Test microphone: - hs=1.3m. hr=1.2m. r=48m. 
Impedance predictions as in figure 4.17 
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Figure 4.19. 
Excess Attenuation. 
Reference microphone. - hs=1.3m. hr=1.3m. r=2m. Impedance predictions as in figure 4.17 
1. 
o" e= 100.000 mks ray 1s (homoqeneous) 
---- o' e= 100.000 mks ray 1s de = 0.01 
-'-'-"" a- e= 100.000 mks ray 1s de = 0.1 
D' e= 100.000 mks ray 1s de = 0.02 
Experimental geometry as in figure 4.9 
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Figure 4.21 
Attenuation function, using 
o- e= 100.000 mks 
---- O- e= 100,000 mks 
..... ° Cr e= 100.000 mks 
Experimental geometry as in 
0 
variable porosity approximation. 
rayls oe=0 (homogeneous) 
rayls oc ea 100 
rayls c< Q= 200 
figure 4.9 
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Figure 4.22 
Attenuation function, us 
a- e= 100.000 
---- a- a= 200,000 
-'-'-" a" e =1.000.000 
Experimental geometry as 
ing Delany 
mks rayls 
mks rayls 
mks rayls 
in figure 
and Bazley model. 
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Attenuation function, using homogeneous approximation. 
o~ e- 100, DOD mks ray ls 
----- o-e = 200.000 mks royls 
-'-"-'" o' e =1ti 000.000 mks ray1s 
Reference micro ptpone: - hs=1.3m, hr=1.3m, r=2m. 
Test mi crojý one: - hs=1.3m. hr=1.2m. r=96m. 
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Figure 4.26 
Attenuation function, us 
Cr e= 100.000 
---- a-e - 200.000 
-'-'-" we =1.000.000 
Experimental geometry as 
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ing Delany and Bazley model. 
mks rayls 
mks rayls 
mks rayls 
in figure 4.23 
3 
0 
Figure 4.25 
Attenuation function, using variable porosity approximation. 
a- e= 100.000 mks ray 1s o< e-0 (homogeneous) 
---- o- e= 100,000 mks ray ls oc e= 100 
-'-'-" o- e= 100.000 mks ray 1s cx e= 200 
Experimental geometry as in figure 4.23 
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4.4 Fitting Ground Parameters to Measurements. 
In order to determine which model and what input parameters will predict a measured 
spectrum of attenuation, most accurately. a fitting routine is used. The method used is a 
least squares fit: it is carried out for each of the approximation models described in section 
4.2.4 rund the Delany and Bailey model described in section 4.2.1. The minimum value of 
the mean squared difference 
I, = A' 
. -f' f MI, 'S , N 
where :N= number of frequencies 
Al, is the measured attenuation at the nth frequency, 
I,, is the predicted attenuation at the nth frequency. 
(4.24) 
is calculated for a range of values of the input parameters of a model. An initial value of 
each of the required parameters is input to the fitting routine, with an amount by which the 
parameters should be incremented in each iteration of the fitting. The lowest value of the 
mean squared difference along with the values which are used to calculate it are output 
from the routine. The mean difference between the measured and predicted spectra (in deci- 
bels) is evidently the square root of this value. 
The fitting is carried out in two or more stages. firstly by covering a wide range of 
values with large increments (e. g. 10.000 mks rayls for the flow resistivity) then by taking 
the best fit values from the first stage and fitting a narrower range above and below this 
value using smaller increments ie. 1000 mks rayls for effective flow resistivity. 0.001m for 
effective layer depth, and 1 unit for effective alpha. In some cases these smaller increment 
could give a false accuracy since the difference in the attenuation function, and therefore the 
mean squared difference. caused by such a small increment, is very slight. Thus it may be 
more relevant to only consider the results to the nearest 10.000 mks rayls particularly with 
high values of q and similarly only assess the value of a,, to the nearest 10 units. The low 
frequency part of the attenuation spectra are most affected by the ground impedance so only 
103 - 
the by, frequency hart up to IkII/. is used in fitting the ground parameters. A listing of the 
OIZ'I'RAN source code of the fitting program DIF2Mh' II'I' is included in appendix A. 
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Chapter 5: Prediction of Attenuation Due To Scattering. 
5.1 Calculation of Attenuation (Embleton 1966) 
l: mbleton (1966) presents a theory describing the scattering of plane waves by a ran- 
dom array of cylinder,, of infinite length (see section 2.2). based on the multiple-scattering 
theory of Twersky (1953). The cylinders are characterised by their diameter and surface 
impedance and are defined as having a locally reacting surface. This theory has been used in 
comparison with the measured data from woodlands and model experiments. The imple- 
mentation of the equations presented in the paper is described in this section. The FUlt- 
TRAN source code for the subroutine (SCATTER) which calculates attenuation from this 
theoretical model is presented in Appendix A. 
The model can he used to describe the attenuation caused by scattering and thermo- 
viscous absorption by an array of cylinders. In order to physically model the thermoviscous 
absorption of the boundary layer of air around either a rigid or non-rigid cylinder. a com- 
plex propagation constant for air (k(, ) is required. The model presented here does not. in 
fact. use a complex value of k(, but the use of a non-rigid surface effectively models the 
thermoviscous absorption of the boundary layer as well as absorption by the cylinder itself. 
If a rigid cylinder assumption is used the effects of scattering alone are measured. 
Calculation of bulk propagation constant. 
From equations (3). (4)and (5) of Embleton's paper the bulk propagation constant of 
the array (kh) is defined as: 
2N 1Jo's 
kh = k,? -4iNR -F I -R 21 ko (5.1) 
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(J where k= propagation contitant in air - 
e 
N= average numI)t r of scatterers her unit area 
9_A, and g 
-(-I)" A,, (5.2) 
and 
_ 
iJ (ka )+/, %J',, (ka) A (5.3) " i!!  ka +41/ ',, ka 
a= radius of the cylinders 
ji, The normalised surface impedance of the cylinders. 
In the extreme cases of infinitely soft and infinitely hard cylinders, the equations for A 
become: - 
as Lb - () 
J(ka) 
(5.4) 
(1I 
 ka 
as Z's - 0c) 
J' (ka) 
(5.5) (11,, 
(ka) 
Calculation of Scattering Parameters. 
Subroutines S17ACF. S17ADF, S17AEF. S17AFF from the NaglO library of subrou- 
tines. are used in a subroutine (JYII) to calculate the first and zeroth order Bessel and 
I lankel functions J,,, J 1.1I (, and 111 these subroutines accept a real argument x (in this case 
ka ) and return the values of )'()(x ). 1'1(x ). Jo(x ), J 1(x ) Ilankel functions are calculated 
as 
//o(x) = Ju(x )+i)'o(x ) (5.6) 
I 
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I/ ý(. x )=J(. x 
)+ii', (. r ) (5.7) 
The first and zeroth order derivatives of the Ocssel and I lankel Functions are calculated as 
-1xJi(x) 
-1 x11 j(. v) (5.9) 
J't(x) = Jo(x )-J 
ý(. a) (5.10) 
x 
11 
11'1(x)=11()(x)- )(x 
) 
0.11) 
x 
The higher orders of the 13essel and Hankel functions and their derivatives were calculated 
using the recurrence relationships 
R (x) = 2(ßt -2)R,, _, 
(x )- xR -2(x) (5.12) 
x 
and 
R' (x)=xR(x)-(n-1)R(x) 
-ý (5.13) x 
where R=J or 11 
Since: 
R-(z)=(-1)"R,: (x) 
the negative orders of A become 
(5.14) 
_i 
(-1)" J (ka)+Zb (-1)" J' (ka) 
(S, l5) A" 
i (ka )+Zb (-1)" 11 ' (ka ) 
Therefore A A, so the negative orders of the I lankel and Bessel functions need not be 
calculated, and 
n=w 
g =A , +2 ii (S. 1(>) 
ri =1 
Ms - 
and 
t; l - 11+2 z (-1ý"/1 
(5.17) 
It is obviously impossible to calculate /1,, for an infinite range of values of n, and not 
desirable to calculate many more values than necessary. In order to determine how many 
values of n (orders) are required to approximate to infinity. values of g and gI were calcu- 
lated for a range of maximum values of n. Figures 5.1 and 5.2 are examples of the values of 
g and gI plotted against the maximum value of n used. It is evident. from these and graphs 
plotted for other values of La. that. after a certain level increasing the number of orders 
used does not affect the calculated values, and that the number of orders required to reach 
this value depends on ka: a lower value of ka requiring fewer orders. A change in the input 
surface impedance was found to change the magnitudes of g and g1 but not the number of 
orders required. The maximum value of n required was determined from these and other 
graphs (eg n- 20 in figure 5.1 and n=5 in figure 5.2) and the results plotted against ka. 
as figure 5.3. The relationship between ka and the number of values of n required is approx- 
imately a straight line. The solid line shown on figure 5.3 has the equation: 
it = 1.25ka +7.25 (5.1 8) 
this equation is used to calculate the maximum value of n used in the calculation of g and 
g I. The result is assigned to an integer variable therefore the numbers after the decimal 
point are simply dropped. The calculated value slightly overestimates the number of orders 
required. this takes account of any errors in estimating n or any rounding errors. 
The value of ? _n . the normalised surface impedance of the cylinders could 
be calcu- 
lated indirectly from the results of the absorption coefficient of tree trunks measured by 
Frank (1976). Values. of flow resistivity were put into a Delany and . Bazley equation 
for 
impedance and this value of of impedance was used to calculate the absorption coefficient a, 
from 
(5.19) «i = 1- 
Z-1 
L+l 
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The sum of squares of the differences between these value. and the measured absurp- 
lion coellicient wit., calculated. The value of Iluw resistivity which gives the lowest gum of 
"'quares was 5,400. ()O0 mks rayls. This high value of flow resistivity indicates that little 
energy will be absorbed at the surface, as was concluded by Frank (1976), this fact also 
indicates that the local reaction assumption used by this model is fulfilled by the surface of 
tree trunks. 
Calculation of Attenuation From Bulk Propagation Constant. 
nibleton shows that the mean energy density approximates to e 2-'' where Q is the 
imaginary part of the bulk propagation constant, and x is the distance from the source. The 
corresponding dl3 level i, 1Olog1e-2tß` . 
At the source (or any reference point) x can be 
taken to be zero and at a point farther away x can be assigned d. The d13 difference between 
the two points (the Attenuation) is therefore 
Attenuation = 10 lob, () 
Lýý 
(5.20) 
= 20 Qd log1(, e 
20Qd 
log, 10 
This is a familiar form for the attenuation of sound travelling through a porous medium 
quoted in terms of bulk propagation constant. 
In order to ascertain that the calculations described above are the same as those carried 
out by Embleton 
(1966). an attenuation for hard and soft cylinders was calculated using 
the same parameters as figure 1 of limhleton's paper. The attenuation calculated agree% with 
the 'energy density loss' shown in the figure. (see figure 5.4). 
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Figure 5.1 
Scattering function calculated for a range of values of n. 
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Scattering function calculated for a range of values of n. 
Radius (a) = 0.1. frequency = 1kHz, ka = 14.65. 
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5.2 Calculation of Scattering (Aylor 1972) 
AyIor ( 1972) calculates a vaIue of attenuation for the stems in a woodland. The stems 
are assumed to be rigid cylinders. The attenuation is not frequency dependent but it is 
stated that the attenuation will only he significant where the wavelength is small compared 
to the cylinder radius. Aylor define, the frequencies at which the attenuation is significant 
as frequencies at which the value of ka (product of propagation constant in air k. and radius 
of cylinders a) is much greater than 1. 
The attenuation is defined in terms of a parameter 6 which is defined as 
6=4Nad (5.21) 
where N is the number of cylinders per unit area and d is the distance. 
'l'he attenuation is defined as 
0.3 
Attenuation = 10 lob,  e J1---b-ý 
(5.22) 
It is evident that any combination of distance, density and radius which give the same 
value of 6 will predict the same attenuation value. This equation cannot be calculated for 6 
less than or equal to 1.125 since this would require the calculation of the logarithm of zero 
or a negative number. 
Figure 5.5 is a graph of attenuation vs 6, it shows that attenuation increases with 
increasing ý except at the lowest values. This anomaly could be due to the fact that the 
equation is an approximation that is not valid at low values of ý. therefore calculations will 
not be used for values of 6 of less than 1.8. 
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Attenuation function from Aylor(1971) 
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5.3 Description of Attenuation Functions. 
Figures 5. f) 10 5.9 show the attenuation calculated from the Fmhleton model plotted 
against frequency, the source-receiver separation distance used is 50m. The input parameters 
are indicated in the figure captions. The first three figures show the effect of changes in the 
input density and radius for the rigid cylinder case. Figure 5.9 shows the change in attenua- 
tion with changing surface impedance. The attenuation calculated from the Aylor model is 
indicated as a horizontal line from the frequency at which ka =I to the highest frequency. 
The predictions from the two models with the same input parameters (density and radius) 
have the sane line type. The Aylor model is only shown where the value of 6 is greater 
than I. S. as explained in the previous section. 
The attenuation predicted by the Fmbleton model has an overall pattern of increasing 
attenuation with increasing frequency. the frequency dependence being dependent on the 
radius. density and surface impedance. Figures 5.6 to 5.8 show that the frequency at which 
the attenuation becomes significant is determined by the radius, the attenuation spectra for 
the larger cylinders diverging from 0 at a lower frequency than those of the smaller 
cylinders. All the spectra in figure 5.8 (constant radius) diverge from 0 at about the same 
point. At frequencies just above the point at which the spectra start to diverge, the attenua- 
tion rises rapidly and then flattens out to a smaller gradient. the gradients of the slopes 
being dependent on both the radius and the density. 
The Aylor model predicts an attenuation value which appears to be a high frequency 
asymptote to the Embleton model being about 2 to 3 d13 higher than the value at 10 kllz. 
Increasing the flow resistivity input to the Embleton model, ie assuming a harder sur- 
face. decreases the attenuation. except where a very low value of flow resistivity is used, 
when the attenuation reaches a peak and then falls slightly. The 'soft' cylinder case 
described by I: mbleton. which does not have significant applications in this study. has a pat- 
tern of decreasing attenuation with increasing frequency. Predictions of attenuation calcu- 
lateci from these models. are compared with the measurements in charters 7 and 8 to 
110 - 
determine their applicability in the calculation of sound propagation in wooland. 
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Chapter 6: Woodland Attenuation Measurements 
This chapter presents the details of the propagation measurements made in wooded 
areas. All the sites used for this study are in the Ilazelborough Forest area of Forestry 
Commission land near Silverstone, Northamptonshire. The stands are all on largely flat land 
which eliminates the need to account for the effects of topography in the experimental 
analysis, although there are drainage ditches, about Im wide and 0.3 to 0.5 in deep crossing 
the stands at intervals. The 'compartment numbers' quoted in the site descriptions refer to 
the numbers of the different stands. or compartments. as marked on the Forestry Commis- 
sion stock map, which also indicates planting dates. Three contrasting stands were used. 
each is treated individually in this chapter: presenting the characteristics of the stands. 
description of the main measurements made and results for each day. the results for the 
stand on different days are compared. A typical example of the results obtained is first 
analysed to assess the level of accuracy of a single measurement which can then be taken 
into account in the comparisons between measurements. 
The diameter of the stems and the number of stems per unit area. given in the site 
descriptions and used in scattering predictions were ascertained by sampling the stand. The 
sample areas were triangles marked out within the stands with sides of 10m to 15m. chosen 
from within the area covered by the experimental measuring tracks. The circumference (at 
about 1.3 to 1.4 metres above the ground) of each tree trunk within the sample areas was 
measured and converted to the diameter. 
The results of the measurements are presented in a variety of ways. The attenuation 
spectra for all the measurements made on the main experiment days are presented in full in 
appendix 13, and certain relevant examples are included within this chapter. Since the high 
frequency attenuation is thought to be a linear function of distance, the results can also be 
presented as dl3 attenuation for a certain distance for comparison between measurements 
made over different distances. The low frequency part (up to 1 kl lz) of all the long range 
propagation measurements (mean at each location and each height) have been fitted to pred- 
ictions using the models described in chapter 4. The best fit parameters are presented in full 
in Appendix C and summarised in this chapter. 
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6.1 Variability of Mcasuremcnts 
The description of the analysis of the tape recordings in chapter 3 states that 128 rrns 
spectra were averaged by the Nicolet F1"1' Spectrum Analyser for each measurement. A set 
of measurements is presented to demonstrate the reasons for taking several averages and the 
variability within and between successive measurements. These measurements were made on 
9th August 1954 at llazelborough Wood, a full description is included in section 6.2. The 
measurement analysed here is that made with the test microphone 72m from the source and 
1.2m above the ground. Three recordings were made at this location, one with the micro- 
phone directly above the marker post (measurement number 6) and one at about lm to 
either side of it (Ga and bb). Each recording was about 2 minutes long. 
The tape recording was played back into the Nicolet FFT analyser which was con- 
trolled by the Nova minicomputer which automatically restarted the averaging cycle after 
accepting the result of a small number of averages. Thus several short samples were taken 
successively from one 2 minute recording. each one the result of a small number of rms 
spectra averaged together. The following sample spectra were stored on the Nova disk and 
transmitted to the Vax for analysis: 
a) 7 spectra each of only one instantaneous rms spectrum. 
b) 7 spectra each the mean of 4 instantaneous rms spectra. 
c) 4 spectra each the mean of 16 instantaneous rms spectra. 
d) I spectrum of the mean of 128 instantaneous rms spectra. 
taken from measurement 6, the tape was rewound before each set of samples was taken so 
a), b) and c) were taken from the same part of the signal. c) and d) were also carried out 
for measurements 6a and Gb. 
The resulting spectra were converted to sound pressure levels and plotted. Figure 6.1.1 
shows the maximum, minimum and mean value of the 7 instantaneous spectra. "Taking only 
one 'snapshot' spectrum gives a wide range of levels, because there is no averaging out of the 
random noise. Figure 6.1.2 shows that taking the mean of 4 spectra reduces the variability 
considerably, there is a further reduction in the range of values when 16 spectra are 
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averaged as in figure 6.1.3. All electronic circuits generate noise of various types which add 
to and degrade the signal. Thus noise is produced by the circuitry of the Nagra and the 
Nicoles. Since the noise is random and therefore not correlated with the signal. and its mean 
value is zero, the averaging procedure increases the signal to noise ratio. The signal/noise 
ratio is increased as 10 lobtim ) where nº is the number of' averages. Thus taking 4 averages 
reduces the effect of electronic noise by 6 (111 compared with the instantaneous spectrum. 
and 16 averages reduce it by 12 d11. Taking 128 averages reduces the relative magnitude of 
the noise by 21 cil3. thus any random noise has little effect on the resultant signal. 
Figures 6.1.3.6.1.4 and 6.1.5 are the range of values of the four spectra obtained by 
averaging 16 instantaneous spectra. and the mean of 128 spectra used in the analysis of the 
results for each of the three recordings. The range of values are due to random variations 
rather than a systematic difference between the spectra of different parts of the recording. 
The variability within a single recording seems slight (except perhaps at low frequencies in 
Ga and bb) and the value used in the analysis of the results (128 averages) lies within this 
range. Thus taking the average of 128 spectra for each result eliminates variations due to 
noise and differences within the signal. such as differences caused by small scale wind varia- 
tions. The 128 averages represent a total time interval of approximately 90 seconds. 
The range of values in figures 6.1.3 to 6.1.5 were compared by plotting the ranges of 
two of the signals on one graph, all three were compared with each of the other two. These 
pairwise comparisons showed that the range of values overlapped along most of the fre- 
quency range. indicating that differences in the mean spectra of the three measurements are 
not significant and are caused by variations within the measurements rather than significant 
differences between the measurements at the slightly different microphone locations. This 
result shows that it is valid to take the mean of the three measurements at each location to 
use in further analysis, but the range of values shown here should be considered. The level 
of accuracy of the mean values is indicated by the spread of the data (approximately t 
2.5d 13). 
Background noise is one factor which could possibly introduce inaccuracies into the 
measurements. Recordings of background noise were made at intervals between the 
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recordings and these were analysed to give a spectrum of the noise levels for comparison 
Willi the test recordings. In most cases the background noise was considerably below the 
level of the test recordings (more than 10(113 lower) and was therefore ignored. Since the 
operator was stationed near the most distant microphone for all the recordings. major 
intrusive background noise such as aircraft or traffic, could normally he detected and the 
recording repeated when the noise had gone. Background noise is not thought to cause prob- 
lems in many of the ºnea! ýurements except possibly at the highest frequencies. and longest 
distances. where the recorded levels were very low, therefore rather more prone to inaccu- 
racy. 
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Figure 6.1.2 
Maximum, minimum and mean values of Sound Pressure Level 
of 7 samples of the mean of 4 spectra of measurement 6 on 9/8/84. 
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Figure 6.1.4 
Maximum and minimum values of Sound Pressure Level of 4 samples 
of the mean of 16 spectra and the mean of 128 spectra (-----1 of 
measurement 6a on 9/8/84 
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6.2 Measurements in a Mixed Oak and Spruce Stand 
Compartment 29 'l lazelborough 1Voodi' 
This compartment consists of lines cif three rows of Norway Spruce with several rows 
of oak trees (between them. The stand was planted in 1946. the spruce forms a continuous 
canopy over a clear area with no lower branches or undergrowth. The oak does not form a 
continuous canopy and has a fairly dense undergrowth mainly of hawthorn with roses. 
honeysuckle etc. The ground surface is covered by litter: mainly of needles under the 
spruce, and oak and hawthorn leaves under the oak. The distance from the edge of one 
spruce line to the corresponding edge of the next is about 24m. The undergrowth obscured 
the optical path between one marked position and the next ie the visibility is less than 24m. 
except in winter when there are no leaves on the shrubs of the understorey when the visi- 
bility is considerably greater. The sampled stem density of this stand is 0.267 stems per 
square meter (stems m 2) and the mean radius 0.045m. 
A measuring track was marked out in a straight line normal to the lines of trees desig- 
nated "track C" the source was located at some distance from the edges of the stand in one 
of the lines of spruce trees for ease of access (position CS). Three microphone positions were 
marked out at 24m(C24). 48m(C48) and 72m(C72) all of these positions lying within one 
of the rows of spruce. Two positions were also marked in a line running in the opposite 
direction from track C (with the source at the same location) at 24m (D24) and 48m(D48). 
A second measuring track (track H) was marked out from a source position (HS) outside the 
edge of the wood alongside the forest track with the microphone positions marked out 
within the wood at 24m(1124). 48m(1148) and 72m(H72). Figure 6.2.1 shows the layout of 
the measuring positions in this stand. 
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Measurements made on 10/8/83 
On the 10th of August 1¶Th3 measurements were made at each of the microphone sites 
of track C ie the source was at ON and the test microphone at (: 24. C48 and C72. at 1.2m 
and 2.5m above the ground. Two measurements were made at each location with the micro- 
phones displaced sideways slightly between each measurement. 
The wind was measured in a clearing in the woodland and was found to be less than 
1.5m/s. The measured relative humidity was 68% and the temperature was between 19.5° C 
and 20.8° C. One measurement of the temperature was made at each of three heights and 
was 19.5° C at the ground rising to 20.3° C at 2m and 20.8° C at about 3.7m. 
Results 
The results of the measurements made on this day are presented in full in Appendix 
131 each spectrum is the mean of the two measurements nude at each location. The best fit 
ground parameters are tabulated in Appendix Cl. and summarised in table 6.2.1. 
Table 6.2.1: Summary of best fit ground parameters 10/8/83 
Model 
Homogeneous Delany and Bazley Rigid-Backed layer 
Qe 
max 59000 26000 80000 
mean 39500 23833 51667 
min 34000 23000 40000 
mean difference 
max 4.13 3.63 3.99 
mean 3.56 3.26 3.33 
min 3.22 3.01 3.01 
d, 
max 0.145 
mean 0.11 
min 0.08 
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The best lit results are very similar for all the measurements using any of the models. 
and the (low resistivitics are all loin values. The rigid-backed layer approximation show 
that the ground is virtually homogeneous ie. it has a large value of d,,, three of the six 
results correspond to the homogeneous model impedance. the variable porosity model also 
gives a homogeneous model best fit (ie a,. = 0) for all measurements. The values of or, 
Predicted by the rigid-backed layer model is slightly higher than those predicted by the 
homogeneous. and the Delany and Bailey model has a slightly lower mean difference but 
these differences are not significant. 
Comparison between the attenuation spectra for the two microphone heights (eg figure 
6.2.2) shows that in the high frequency part of the attenuation spectra. the 2.5m measure- 
ments are generally slightly lower than the 1.2m measurements; this is not a significant 
difference but is consistent throughout the measurements. This could indicate that the vege- 
tation is denser at the lower levels. There was a fallen spruce tree between positions C48 
and C72 which appears to give a denser structure at the lower levels. 
Figure 6.2.3 shows the high frequency part of attenuation as d13 per 24m from the 
measurements at the three separation distances, ie the 48m and 72ni results have been 
divided by 2 and 3 respectively. Each line is the mean of the 1.2 and 2.5m measurements, at 
each distance. The 24m measurement is evidently influenced by interference patterns and 
random fluctuations, whereas the longer distances give a smoother line and a more similar 
value of dB per 24m, since the interference pattern is destroyed by scattering effects of tur- 
bulence and the vegetation itself. and the random fluctuations are reduced by dividing by 2 
or 3. The 48m result is slightly lower than that at 72m for most of the frequency range, 
but the range of the data is relatively large so the means are not significantly different. 
Measurements on 10/4/84 
On the 10th of April 1984 measurements were made at each of the microphone sites of 
track C ie the source was at CS and the test microphone at C24. CAS and C72, at 1.2m and 
2.5m above the ground. Two measurements were made at each location with the 
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microphones displaced sideways slightly between each measurement. except at ('72 where 
only one was made. 
There was no apparent wind in the wood. The temperature was about 100 C and the 
humidity was 60%%. There were no leaves on the oak trees or the deciduous shrubs of the 
understorey. so the visibility in the wood was considerably greater than for the other meas- 
urements at this site. The source could be seen quite clearly from the microphone location 
C24 (24m from the source). 
Results 
The results of the measurements made on this day are presented in full in Appendix 
131 with best fit ground parameters in Appendix Cl. summarised in table 6.2.2. 
Table 6.2.2: Summary of best fit ground parameters 10/4/84 
Model 
Ilonmogeneous Delany and 13azley Rigid-Backed layer 
Q, 
max 153000 85000 160000 
mean 118833 67667 121667 
min 93000 51000 90000 
mean difference 
max 5.27 5.40 5.08 
mean 3.61 3.57 3.59 
min 2.16 2.33 2.06 
d, 
max 0.105 
mean 0.071 
min 0.05 
The variable porosity model gives best fit values when a,. is zero for all the measure- 
ments. Two of the results of the rigid-backed layer model are homogeneous and the other 
results show a similar value of o, to the homogeneous fits with values of d, of 0.05 to 0.07 
indicating that the ground is acting to some extent as a layered surface but the layer depth 
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is relatively large. 
Comparison of the high frequency part of the spectra for the two microphone heights 
shows that the 2.5m microphone gives a slightly lower attenuation in the 72m measurement 
only. The 48m results are very similar and the 2.5ni measurement is the same or slightly 
higher at 24m. The denser structure at lower levels described for the 10/8/83 measurements 
is not apparent in this measurement suggesting that this result is due mainly to foliage. 
except perhaps at 72m with the fallen tree mentioned above. 
Figure 6.2.4 shows the values of dß per 24m. The 24cn measurement again consists of a 
series of peaks and dips due to interference effects and random fluctuations. which are not 
apparent in the longer distances due to the disruption of the interference pattern by scatter- 
ing and the division of the fluctuations. The values of d13 per 24m are similar for the 48m 
and 72m measurements. 
Measurements Made on 5/7/84 
On the 5 July 1984 measurements were made along both measuring tracks C and D. at 
1.2m and 2.5m above the ground with the source at position CS (see figure 6.2.1). Three 
measurements were made at each location with the microphones displaced sideways slightly 
between each measurement. Measurements were first made at the three positions on track C 
then the speaker was turned through 180° and the reference microphone moved to an 
appropriate position and measurements made at the two positions of track D ie separation 
distances of 24m and 48m. 
There was no apparent wind in the wood. The temperature was about 20° C and the 
humidity was 48%. There was little cloud cover. 
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Results 
The results of the measurements made on this day are presented in full in Appendix 
131. with best fit ground parameters in Appendix Cl. summarised in table 6.2.3. 
All the attenuation spectra measured on this day have marked peaks at about 2350 Ili 
which cannot be accounted for by interference patterns since it is in virtually the same place 
for all the measurements with different source-receiver geometries. No adjustments can be 
made to account for siting errors or meteorological effects which would give this result. I 
therefore conclude that some anomaly occurred in the measurement on this day and ignore 
the peak at this frequency. 
Table 6.2.3: Summary of best fit ground parameters 5/7/84 
crC 
Model 
Ilomogeneous Delany and 13azley 
max 50000 30000 
mean 32000 20000 
min 20000 10000 
mean difference 
max 4.16 3.82 
mean 3.16 2.93 
min 1.93 1.75 
de 
max 
mean 
min 
Rigid-Backed layer 
50000 
42000 
30000 
4.23 
3.11 
1.81 
0.121 
0.109 
0.100 
The best fit values are very similar in all the measurements on this day. The D track 
has slightly lower values of best fit flow resistivity and larger values of the mean square. 
than the C. track for all the models.. The ground can again. be seen to act-acoustically as an 
homogeneous semi-infinite medium. 
Figures 6.2.5 to 6.2.8 show comparisons between the two measuring tracks. The low 
frequency peak is at a slightly higher frequency in the C. track measurements at 1.2m and 
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also the 2.5m measurement at 24m. The 2.5m measurement at 48m has slightly higher 
amplitude low frequency peak in track C than track 1). The two attenuation spectra are oth- 
erwise very similar within the accuracy of the measurements as discussed in section 6.1. The 
similarities in the high frequency parts of the spectra indicate that there is no wind effect. 
since wind has a directional effect, and these two measurements were made in opposite 
directions but are very similar. The elements of the wood which cause the high frequency 
attenuation are evidently not significantly different along the two transects. 
Comparison between the attenuation spectra for the two microphone heights shows 
that in the high frequency part of the attenuation spectra. in the C track measurements. the 
2.5m measurements are generally slightly lower than the 1.2m measurements: this is not a 
significant difference but is consistent throughout the measurements and is similar to the 
results on 10/8/83. The two microphone heights give very similar high frequency attenua- 
tions in the I) track measurements. ']'his result indicates a slight difference in the structure 
of the vegetation of the two measuring tracks, with the 1) track having a more even struc- 
ture and the vegetation of the C track being denser at the lower levels. 
Figures 6.2.9 and 6.2.10 are the values of dß per 24m calculated as a mean value of all 
the measurements at each separation distance for the C and D tracks and 1.2m and 2.5m 
heights. The results are similar along most of the frequency range. the 24m result having a 
series of peaks and dips, including a very high value of attenuation at 8-10kllz. This is due 
to interference effects and random fluctuations which are not apparent in the longer distance 
measurements as discussed in previously. Above about 5kHiz the 72m measurement gives a 
slightly lower value but this is not significant. 
Measurements Made on 9/8/84 
On the 9th of August 1984 measurements were made at each of the microphone sites 
of track I1 ie the source system was on the forestry track outside the wood (at IIS) with the 
microphones at locations 1124.1148 and 1172 (see figure 6.2.1) within the wood, at 1.2m and 
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2.5m above the ground. Three measurements were made at each location with the micro- 
phones displaced sideways between each measurement. 
There was no apparent wind. The temperature was about 21° C and the humidity was 
601/v. The weather was recorded as mostly sunny with some thin cloud. 
Results 
The results of the measurements made on this day are presented in full in Appendix 
131 with best fit ground parameters in Appendix Cl. summarised in Table 6.2.4. 
Table 6.2.4: Summary of best fit ground parameters 9/8/84 
Model 
Ilomogeneous Delany and I3azley Rigid-Backed layer 
or 
max 40000 20000 40000 
mean 30000 20000 33333 
min 20000 20000 20000 
mean difference 
max 4.15 3.43 4.11 
mean 2.77 2.44 2.71 
min 1.90 1.65 1.90 
de 
max 0.185 
mean 0.145 
min 0.110 
All the models give similar results for all six measurements. the Delany and I3azley 
model having identical results. The rigid-backed layer and variable porosity models both 
indicate that the ground is homogeneous. 
Comparison between the attenuation spectra for the two microphone heights shows 
that at frequencies above 3kilz the results are very similar for the two heights. they are less 
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similar in the range 11. IIr to 31.1lz but there is no really significant difference between them. 
In the 72m measurements the 2.5m result is slightly lower than that at 1.2m. The part of 
track II between 4Sm and 72m is also part of track I) which tines not show any difference 
between the 1.2m and 2.5m results. 
Figure 0.2.11 illustrate` the values of (113 her 24m calculated from all the measure- 
ments at each distance. The 24m result again shows some influence of interference patterns 
and random fluctuations but does not have an overall increase in attenuation above the 
other distances, indicating that the dense edge vegetation does not cause a significantly 
greater attenuation than the undergrowth within the wood. The results from the 48m and 
72m measurements are not significantly different. 
Measurements Made on 20/6/85 
Microphones were set up at two of the microphone locations C48 and C72 with the 
source at CS with microphones at 1.2m and 2.5m above the ground. The microphones at C48 
were 13ruel and Kjaer half-inch microphones type 4130. with preamplifiers type 2642. 
powered by a two channel portable power supply type 2810, and the output signals from 
the power supply were connected to the two line inputs of the Nagra tape recorder via 50m 
coaxial cables. The microphones were left in place and attenuation measured at different 
times during the afternoon ie. 12.00.13.00.14.30 and 15.50. At each measurement time the 
lower microphone at C48 and the upper microphone at C72 were recorded simultaneously, 
followed by a simultaneous recording of the signal at the upper microphone at C48 and the 
lower at C72. 
"There was a cover of thin cloud for most of the day but it was bright and sunny for 
the 12.00 measurement. The temperature within the wood was between 16° and 17° C. 
There was no measurable wind within the wood. 
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Results 
The results of the measurements made on this day are presented in full in Appendix 
131 with best fit ground parameters in Appendix Cl. summarised in table 6.2.5. 
A first look at the results of' the measurements at 4tim indicate that these give much 
lower values of attenuation than the results from the C track on 5/7/84, whereas the 72m 
results are fairly similar. The 48m results give a much lower value of till per 24m at 48m 
than 72m in direct contrast to the other results presented in this chapter. Since the recording 
equipment used at 48ni was new and had not been fully tested, and similar problems were 
encountered with the results at Wetleys Wood on 16/5/85 using the same equipment. the 
results of attenuation at 48m have been ignored. although it is useful to note that the 
results obtained were similar for all measurement times. 
Table 6.2.5: Summary of best fit ground parameters 20/6/85 (72m measurements only) 
Qc 
Model 
Homogeneous Delany and Bazley 
max 130000 80000 
mean 108571 62857 
min 90000 50000 
mean difference 
max 2.74 2.93 
mean 2.46 2.54 
min 2.30 2.32 
de 
max 
mean 
min 
Rigid-Backed layer 
130000 
117143 
100000 
2.61 
2.36 
2.15 
0.080 
0.068 
0.055 
.. 
There. is. little difference between the attenuation spectra at the four different times (see 
figures 6.2.12 and 6.12.13). The measurement at 14.15 at the 1.2m microphone height shows 
some slight differences, with a slightly higher low frequency peak at a slightly higher fre- 
quency and a sharp dip at around 8kllz. but these differences are not considered to be 
significant since the 2.5m measurement is not different to the other times. The dir at Skl lz is 
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probably due to birdscinl; which would not necessarily occur in the 2.5m measurement since 
they were not recorded simultaneously. All the result` have a sharp heal, at about 9kllz, 
which has the same magnitude in all the 2.5m measurements but at 1.2ni is slightly higher 
in the 12.00 measurement than those at the other times. (; round interference peaks would 
be expected to occur at about 7kllz and 14kllz for the 1.2m height and about 6.3kllz and 
12.61. llx for the 2.5 measurement so it is unlikely that this peak is a result of the ground 
interference pattern. if a strong temperature gradient (therefore sound velocity gradient) 
caused a shift in these peaks they would still be expected to be at different frequencies at 
the two microphone heights. and also at different frequencies at the different times since a 
strong temperature gradient would be expected to change significantly throughout the course 
of a summer afternoon. The high frequency peak is probably a result of the background 
noise or an inaccuracy in the measurement since the sound levels recorded at such high fre- 
quencies are very low and approach the levels of the background noise. 
The spread of results is greater in the 2.5m than the 1.2m result at the low frequen- 
cies, this is not reflected in the best fit ground parameters which are fairly similar for all the 
measurements. 
The 2.5m microphone height measurement again gives a lower attenuation to that at 
1.2m, the difference is small but consistent throughout the measurements. 
Comparison Between Results Obtained At Ilazelborough Wood On Different Days. 
Comparisons of the measurements made within the wood show that the 10/8/83 meas- 
urements are very similar to those of 5/7/84 at low and mid frequencies. but have a con- 
sistently lower attenuation at high frequencies for all the measurements (eg figures 6.2.14 
and 6.2.15). Thus the results obtained within the wood in the summer have a wide range of 
values at high frequencies. It is possible that there was a significant increase in attenuation 
caused by growth of the understorey shrubs between the two sets of measurements. a 
period of about a year. This is not, however, matched by a similar increase in attenuating 
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capacity of the woodland in the year between the measurements of summer 1984 and the 
measurement of 2O/6/N5 (see figure 6.2.10). 
Figures 6.2.17 and 6.2.18 show examples of the comparison between the measurements 
made within the wood and those made at the edge ie on the 9/8/84. There is no significant 
difference between the measurement on this day and those made on 5/7/84 within the 
wood. 't'hus the dense vegetation at the edge of the wood does not appear to increase the 
high frequency attenuation significantly. 
Figures 6.2 19 to 6.2.21 show the comparisons between the measurements made in this 
woodland in summer and 'winter' (10/4/84) when there were no leaves on the understorey. 
The high and mid frequency part of the winter measurement are lower than the summer 
measurements for both microphone heights at 72m. at 48m this difference is less marked as 
the winter measurement overlaps that of 10/8/83 at some frequencies, and at 24m there is 
no significant difference between the summer and winter measurements at high frequencies. 
This result suggests that the foliage of the shrub layer does have some attenuating effect but 
this would be difficult to quantify since it appears to only be significant at long distances. 
and the spread of the measurements with foliage is comparatively large. 
The winter measurements of 10/4/84 have a different frequency dependence of the low 
frequency part at all distances, this is reflected in the different best fit values. The measure- 
ment of 20/6/85 has a frequency dependence similar to the measurement of 10/4/84. T- 
tests were carried out on the data using the FORTRAN program TTFST (see Appendix A) to 
determine whether the mean best fit effective flow resistivities obtained on different days are 
significantly different. The results can be divided in to two different groups. the mean values 
of 5/7/84.9/8/84 and 10/8/83 are significantly lower at the 0.1% level, than both the mean 
values of 10/4/84 and 20/6/85. The three low means (5/7/84.9/8/84 and 10/8/83) and the 
two higher means (10/4/84 and 20/6/85) are not significantly different at the 5% level. It is 
likely that this difference was caused by differences in the moisture content of the ground 
surface. which would have been higher on 10/4/84 and 20/6/85 than the other measure- 
merits which were made during long dry periods. The flow resistivity of a soil would be 
expected to increase with increased moisture content as indicated here. 
-- 13 
Another explanation for the diferences, especially at the high frequencies. could be 
differences in the meteorological efrectti of the different clays. although the conditions on all 
the measurement days were similar. 'l he measurements made on 2O/6/85 suggest that the 
received signal does not vary significantly within the course of a summer afternoon. the 
time when most of the measurements were made. 
Since the values ol' (111 per 24m calculated from the 4Rni and 72m measurements are 
not significantly different, the mean values for all the 48m and 72m measurements on each 
day have been averaged for comparison between the different days. Figure 6.2.22 shows the 
results. The different days' results are similar at frequencies below about 3.5kllz with no 
single result being consistently higher or lower than the others, except perhaps that the 
10/4/84 measurement is below the rest, above 1.6kllz. The results diverge above 3.5kllz 
with the results for 10/6/83 and 10/4/84 being lower than the other three. The result for 
20/6/85 is consistently lower than that of 5/7/84 for frequencies above 4.3kllz. with that 
of 9/8/84 being close to either of these two at different frequencies. It should be noted that 
the three higher results come from different measuring tracks. 
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Figure 6.2.11 
Mean value of dB per 24m for the measurements on 9/8/84 
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Measurements at C72 at different times an 20/6/85.1.2m height. 
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Measurements made at C24.1.2m height. 
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Figure 6.2.19 
Maximum and minimum values of the summer measurements made on 
10/8/83,5/7/84 and 9/8/84.72m separation, 1.2m microphone height. 
and winter measurement made on 10/4/84. same geometry (-----). 
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Figure 6.2.20 
Maximum and minimum values of the summer measurements made on 
10/8/83.5/7/84 and 9/8/84.48m separation. 1.2m microphone height, 
and winter measurement made on 10/4/84. same geometry (----- ). 
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Figure 6.2.21 
Maximum and minimum values of the summer measurements made on 
10/8/83.5/7/84 and 9/8/84.24m separation. 1.2m microphone height 
and winter measurement made on 10/4/84, some geometry (-----). 
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6.3 Measurements made in a Spruce Monoculture Stand. 
Compartment 00 'Wetleys Wood 
This compartment consists of Norway Spruce planted in 1954. The original planting 
was of three rows of spruce with one or two rows of oak in between. The oak trees were, 
however, sprayed to kill them off while still small and only remnants of these rows remain 
as a few small spindly trees within a spruce stand. The trees are about 11-13m tall (trees 
measured are at the edge but the height of the trees appears to be fairly uniform throughout 
the stand). The sampled stem density is 0.303 stems m-2 and the mean radius 0.059m. The 
spruce trees have no living branches below about 4m but the dead branches are still 
attached to the trunk giving a dense layer of dead branches which impede visibility. 't'here 
are gaps between the rows of spruce where the oak used to be with little or no vegetation. 
living or dead. at the lower levels: the living spruce branches do, however, spread over the 
top of these gaps excluding light from the ground, thereby preventing the development of 
any undergrowth. The ground surface is covered in a thick layer of spruce needles in vari- 
ous stages of decomposition. This compartment was thinned during the winter of 1983-84. 
Two 'measuring tracks' were laid out within Wetleys Wood these are designated track 
A and track B. as illustrated in figure 6.3.1. The source position was the same for both 
tracks being situated within one of the cleared (formerly oak) rows for ease of access. 
Microphone positions were marked with wooden posts at various distances from the source 
position i. e. 12m (positions A12 and B12). 24m(A24 and B24). 48m(A48 and B48) and 
96m(A96 and B96). All the A positions were in a straight line running diagonally across the 
line of the tree rows at an angle of about 60° and the B track in a straight line at an angle of 
approximately 30° from it i. e. approximately 90° to the line of the trees. 
Three main sets of measurements were made at this site; on 28/7/83.26/6/84 and 16/5/85. 
- 152 - 
Mcasuretuents made on 28/7/83. 
On the 2t; th of July 19ä3 two measurements were made at each of the measuring posi- 
tions of the A track displacing the microphones slightly to one side between the measure- 
ments. The weather was warm (21° C) with a relative humidity of 64%,. The wind. meas- 
ured in a slight clearing in the wood did not exceed 1.5m/s. There were a few drifting 
clouds but it was mostly sunny. The ground was dry. 
The results of the measurements made on this day are presented in Appendix 132 with 
the best fit ground parameters in Appendix C2 and summarised in table 6.3.1. 
Table 6.3.1: Summary of best fit ground parameters 28/7/83 
Model 
Ilomogeneous Delany and 13azley Rigid-Backed layer 
Qe 
max 58000 35000 00000 
mean 38125 26125 45000 
min 29000 20000 30000 
mean difference 
max 4.82 3.99 5.05 
mean 2.92 2.66 2.87 
min 1.73 1.35 1.77 
dý 
max 0.175 
mean 0.116 
min 0.080 
The 12m measurements give rather higher effective flow resistivities than the measure- 
ments at the other distances which all give similar, low, values of Q,. Five of the eight 
measurements made indicate that the best fit parameters for the rigid-backed layer model 
are semi-infinite cases, and the other three have large values. of de , and values of v, similar 
to the homogeneous model best fits indicating a homogeneous medium. The variable porosity 
model also indicates a homogeneous medium ie a, =0 
t 
0 
0 
I 
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The 1.2m and 2.5m measurements are generally similar at high frequencies apart from 
the differences caused by the interference patterns, which are apparent in the 12.24 and 
47inm measurements The location of the peaks of the interference patterns in the two shorter 
distances coincide fairly closely with those expected from the propagation prediction model 
but some adjustment would be required to accurately locate the peaks for the 4tim measure- 
ments. The peaks can be matched with the prediction by adding 0.05m to the receiver 
heights. as illustrated in figures 6.3.2 and 6.3.3. This suggests an inaccuracy in the location 
of the measuring position. either because of the way the separation distance was measured 
or a dip in the ground surface between the source and receiver. The fact that both spectra 
exhibit the interference pattern of the same corrected geometry demonstrates that some of 
the high frequency peaks and dips can be attributed to the ground interference pattern. 
Interference patterns cannot be detected in the 96m measurements. 
Figure 6.3.4 shows the high frequency attenuation corrected to dß per 24m for the 
24m. 48m and 96m measurements. Each line being the mean of the values for the 1.2m and 
2.5m microphone heights. The 12nß measurement is not corrected in this way since all the 
observed attenuation can be accounted for by ground interference effects, which do not have 
a linear relationship with distance. Apart from the peaks caused by the interference pat- 
terns the values of dB per 24m are similar. 
Measurements made on 26/6/84 
On the 26th of June 1984 three measurements were made at each measuring position in 
both track A and B, with the source at position AS. Measurements were first made at the 
four positions on track A then the speaker was turned through 30° and the reference micro- 
phone moved to an appropriate position and measurements made at the four positions of 
track II. Three measurements were again made at each location except that only two meas- 
urements were made at position 1112. The weather was warm (22° C) with little or no wind. 
described at the time as 'close': with a relative humidity of 64%. The sky was mainly over- 
cast for most of the measuring period. 
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Results 
The results of the measurements made on this clay are presented in Appendix 132 with 
the best fit ground parameters in Appendix C2 and summarised' in table 6.3.2. 
All the attenuation spectra measured on this clay have a marked leak at about 255011z. 
This is not thought to be a significant attenuation effect. as discussed in section 6.2 for the 
measurements of 5/7/84, and is therefore ignored in the analysis of the results. 
Table 6.3.2: Summary of best fit ground parameters 26/6/84 (excluding measurement 
at B12/2. Sm) 
CC 
Model 
Homogeneous Delany and 13azley 
max 107000 62000 
mean 83467 52733 
min 69000 44000 
mean difference 
max 5.04 4.98 
mean 3.89 4.03 
min 2.87 2.94 
de 
max 
mean 
min 
Rigid-Racked layer 
110000 
88000 
70000 
4.99 
3.76 
2.59 
0.10 
0.076 
0.050 
The similarities in the values of crr, obtained using the variable porosity, rigid backed 
layer and homogeneous approximation models and the large values of de , again indicate that 
the ground acts as a homogeneous medium. 
In order to assess the similarities, and differences, between the results from the two 
measuring tracks. A and 13. the attenuation spectra at each distance from the two tracks 
were compared. Figures 6.3.5 and 6.3.6 show the comparisons for the 96m measurements. 
The two measuring positions show the same overall pattern of attenuation. The 1.2m 
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microphone at A96 has a consistently higher attenuation. but the actual difference is small, 
and the ranges of values for each microphone position overlap. The first 'lobe' of the low 
frequency peak is similar in the two spectra but the second lobe is at a slightly higher fre- 
quency and narrower in the 13 track. This difference is consistent throughout all three meas- 
urements at each location. 
The other three separation distances follow a largely similar pattern to the 96m meas- 
urements. showing no significant differences between the two measuring tracks at high fre- 
quencies. The second lobe of the low frequency peak is at a slightly higher frequency and 
narrower in the 13 track. The spectra are otherwise similar. The second lobe difference is 
probably due to a slight difference in the reference microphone location as discussed in 
chapter 4. The similarities in the high frequencies indicate that the elements of the wood- 
land which cause the attenuation are not significantly different along the two transects. The 
results show that there are no directional wind effects on the measurement, since the results 
are similar although the propagation was in different directions. 
The first lobe of the low frequency peak spectra are very similar in the two tracks for 
all the measurements (except for, the 2.5m microphone at 12m) This is reflected in the best 
fit values, the results for the two measurements at the same distance being similar. All the 
best fit results are, in fact, very similar except for the 2.5m measurement at B12 which has 
a much higher value, this is probably due to a small scale difference in the ground surface 
close to the source, or some experimental error. This result has been ignored in the analysis 
of the ground surface data since it is so different from the other results. 
Figures 6.3.7 and 6.3.8 show a comparison between the high frequency attenuation 
from the different distances, again normalised to the attenuation per 24m. Apart from the 
spurious peak mentioned above the pattern is an increase in attenuation with frequency. The 
12m measurement is not shown since the attenuation can largely be accounted for by 
interference effects. which are also visible to some extent in the 24m measurements. The 
mean attenuation is similar for the 48m and 96m measurements. 
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Measurements made on 16/5/85. 
On the 16th May 195 measurements were made at two of the microphone positions 
A48 and A96. The microphones were left in place and measurements made at different times 
during the afternoon i. e. 13.00,14.00.15.00,16.00,16.30, in order to investigate the varia- 
bility of measurements taken on a bright sunny day. At each measurement time the lower 
microphone at A48 and the upper microphone at A96 were recorded simultaneously. fol- 
lowed by a simultaneous recording of the signal at the tipper microphone at A48 and the 
lower at A96. Each signal was used to obtain two spectra of attenuation, one from the first 
half of the signal and one from the second half. In most cases the two spectra were very 
similar. so the mean value was used. The exception being the lower 48m microphone and the 
upper 96m one of the 14.00 recordings where the first half of the signal was significantly 
lower than the second half in the low frequencies. Since these two were recorded simultane- 
ously and some background noise (a light aircraft) was observed in the first part of the sig- 
nal, only the second half was used in the analyses. (including the plotted spectra in Appen- 
dix 132). 
The weather was bright and sunny with some patchy cloud increasing slightly for the 
measurements at 16.00 and 16.30. The temperature was about 22° C for most of the meas- 
urements. a little lower for the earlier measurements. The relative humidity was 64%. There 
was little or no detectable wind within the wood and only intermittent slight breezes out- 
side the wood. The ground was quite damp after recent rain. 
The results of the measurements made on this day are presented in full in Appendix 
B2. with best fit ground parameters in Appendix C2. 
The 48m measurements have a very low value of attenuation, especially in the high 
frequencies, compared to other measurements made at this site. It is thought that this was 
due to problems with the equipment as discussed in the results for 20/6/85 at Ilazelborough 
Wood. It is. however. useful to look at the frequency dependence of the results and 
differences between the results at different times, since it is unlikely that the fault in the 
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equipment would have altered significantly throughout the time of the experiments. The 
attenuation spectra of the 1.2m microphone height at 48m have a marked peak at around 
3khz and further peaks at 5-6khz and at about 9kllz. The first of these three peaks is at a 
different frequency and height for each of the measurements and there are also small 
changes in the other peaks. The 48m/2.5m attenuation spectra do not show such a definite 
pattern of peaks but (10 have 2 dips which occur at similar frequencies and the region 
between these could be interpreted as a broad peak although it consists of 2 or 3 small 
peaks. Similarly the region between 1 kllz and about 2.5kllz could be a small peak. The pat- 
terns of peaks and dips are a result of the ground interference effects. Comparison between 
the measurements and the predicted interference patterns is used to elucidate the changes in 
the spectra at the different times. 
Figures 6.3.9 and 6.3.10 show examples of the attenuation spectra compared with a 
prediction using the nominal separation distance and height and an adjusted geometry where 
one parameter. the test microphone height is altered to give a better fit to the measurement. 
Adjusting the microphone height simply has the effect of altering the pathlength difference 
(A r) between the direct and reflected paths, which shifts the interference peaks. as dis- 
cussed in chapter 4. The amount of adjustment required to give a good fit to the measured 
data for each measurement is given in table 6.3.3. 
Table 6.3.3 
Best fit microphone heights for 48m measurements at Wetleys Wood on 16/5/85. 
'Predicted Height' (predicted-actual) 
Time lower microphone upper microphone 
13.00 1.9m (0.7) 3.2m (0.7) 
14.00 1.8m (0.6) 3.2m (0.7) 
15.00 2. Om (0.8) 3.6m (1.1) 
16.00 2.4m (1.2) 3.6m (1.1) 
16.30 1.9m (0.7) 3. Om (0.5)_ 
Although the difference between the actual and best fit height is not precisely the same 
for the higher and lower microphone heights they do follow a similar pattern with the 
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15.00 and 10.00 measurements requiring a greater adjustment than the other three. -The 
only factor which could have caused the differences between the different times is the 
micrometeorological conditions. The bright sunshine heating the top of the canopy more 
than the shaded ground surface causes a positive gradient under the canopy which has the 
effect of refracting the sound rays. Differences in the temperature profile cause differences in 
the curvature of the refraction. It is uncertain what effect such a refraction would have on 
the location of the interference peaks but it seems logical that an effective change in Ar 
could result. In this case it seems that the increasing temperature gradient which would be 
expected during the afternoon of a bright sunny day causes an increase in A r. The refraction 
of the sound is another explanation for the difference between the measured and predicted 
microphone height for the 46m measurements of the 26/7/83 measurements. It has been 
suggested that calculating the predicted excess attenuation assuming a curved ground surface 
may be the best way to predict the influence of vertical velocity gradients. It is possible that 
frequency shifts in the interference patterns could be useful in analysing temperature gra- 
dients in outdoor sound propagation, but the application in woodland is obviously limited 
because the interference patterns are interrupted by scattering and are therefore not 
apparent at long distances. 
No interference patterns which could be analysed in a similar way can be seen in the 
attenuation spectra of the 96m measurements. Figure 6.3.11 is an example of the measured 
and predicted attenuation at 96m. The 96m spectra are very similar for each of the measure- 
ments. Figures 6.3.12 and 6.3.13 are the range of values obtained, excluding the lower 
microphone of the measurement made at 16.00 which has a lower attenuation at low fre- 
quencies than the other measurements. The two spectra from this recording were also rather 
different at low frequencies. The difference is due to the presence of a light aircraft which 
was unnoticed at the time of the recording and the low frequency part of this measurement 
was therefore ignored in the analysis of the data. 
Table 6.3.4 summarises the results of fitting the models to the 96m measurements. The 
results are all similar and again indicate that the homogeneous case is appropriate 
for both 
the variable porosity and rigid-backed layer approximations. 
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mean difference 
max 5.18 4.60 5.25 
mean 2.75 2.47 2.77 
min 1.65 1.35 1.75 
Table 6.3.4 Summary of best fit ground parameters 16/5/85 (96m) 
Model 
homogeneous Delany and Barley Rigid-Backed layer 
a. 
nia x 13000O 60000 140000 
mean 680(X) 44000 81000 
min 50000 40000 70000 
d,. 
max 0.095 
mean 0.070 
min 0.055 
Comparisons Between Results Obtained At Wetleys Wood On Different Days. 
The spread of mean best fit values is relatively large, with the best fit values of o, 
from 26/6/84 being higher than that for 16/5/85 and the result from 28/7/83 having the 
softest' ground. The differences are all significant at the 5% level of the studentised T-test, 
using the best fit parameters from all the measurements. The significance levels of the 
differences are summarised in table 6.3.5. 
Table 6-3.5 Levels of Significance (T-test) 
Date mean 28/7/83 26/6/84 16/5/85 
Homo eneous A roximation 
28/7/83 38000 * 0.1% 1% 
26/6/84 83,000 * 5% 
16/5/85 61000 
Delan and Bagley Model 
28/7/83 26,000 * 0.1% 0.1% 
26/6/84 53.000 * 1% 
16/5/85 4 2000 
- 16O- 
These results show that the most significant difference is between the measurement of 
28/7/t; 3, and the results from the other days: this is probably due to the fact that some 
thinning was carried out during the winter of' 19h3/ä4 and vehicles, used to remove the 
felled trees, churned up the ground surface and probably also compacted it causing an 
increase in the effective flow resistivity. The lower value in the measurement from summer 
1985 could he caused by some 'recovery' of the ground surface with the deposition of more 
needles in the litter layer and weathering effects on the soil. 
Figure 6.3.14 shows a comparison between the mean values of attenuation per 24m 
calculated from all the 48m and 96nm measurements on the different days (96m only for 
16/5/85). It is evident that there is very little difference between them. This result indicates 
the repeatability of the measurements between different days. The repeatability suggests 
either that the meteorological conditions were the same on all the days or that the meteoro- 
logical conditions had little effect on the measurements. Some measurements were done on 
overcast days and some on sunny days in which the temperature gradients could be 
expected to change during the course of the measurement period, suggesting that the meas- 
tired attenuation is not altered to a great extent by meteorological conditions. 
The similarity between the results on different days indicate that the small amount of 
thinning carried out in the winter of 1983/84 does not have a significant effect on the 
attenuation; in fact the measurement made in 1983 has a slightly lower attenuation at high 
frequencies. Any reduction in high frequency attenuation caused by the thinning is less than 
the variation between similar measurements. 
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6.4 Measurements made in a Young Mixed Coniferous Stand. 
Compartment 9a '13ucknell Wood 
This compartment consists of rows of lied Cedar. Norway Spruce and Corsican Pine 
planted in 1962 and 1969. The Red Cedar forms a continuous barrier of vegetation with 
neighbouring trees touching or overlapping. There are some gaps between the spruce and pine 
with long grass and undergrowth among them. The sampled stein density is 0.181 stems 
m-2 and the mean radius 0.066m. 
Two measuring tracks were marked out in this stand: tracks F and G as shown in 
figure 6.4.1. Track F was marked out diagonally across the line of the trees at an angle of 
about 80°. The source position (FS) was located about 60m from the edge of the stand in a 
gap between a spruce row and a red cedar row, two microphone positions were marked at 
12m (P12) and 20m(1P26) from it . 
Track G has the source position (GS) at position (126) 
and the measuring track is at an angle of about 50° from track P ie at an angle of about 30° 
from the line of the trees. Two microphone positions were marked out along this line at 
24m (G24) and 40m (G40) from the source position. 
Measurements Made 9/7/84 
The source and reference microphone were set up at position F26. the reference micro- 
phone was not placed directly in the line of the measuring track but to one side of the 
speaker. because the speaker position was very close to a dense red cedar row and the refer- 
ence position would therefore lie within this row. The reference recordings were made 
between test recordings, turning the speaker face the reference microphone. Test recordings 
were made with the two microphones'(heights 1.2m and 2.5m) at positions F12. G24. G40 
and FS (ie separation distances of 14m. 24m. 40m. 26m respectively). Three recordings were 
made at each location. moving the microphones sideways between the measurements. 
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I'here was a full cover of' cloud for mot of the day. The wind was mostly below 
1. Sm/s but occasionally gusting to about 2.5m/v. The temperature was about 19.5° C and 
the relative humidity was 70%. 
Measurements Made 8/8/84 
The source and reference microphone were set up at position F26 the reference micro- 
phone placed to one side of the speaker. as explained above. The reference recordings were 
made between test recordings. turning the speaker face the reference microphone. Test 
recordings were made with the two microphones (heights 1.2m and 2.5m) at positions F12. 
G24. G40 and FS (ie separation distances of 14m, 24m, 40m, 26m, respectively). The source 
and reference microphone, were moved to position FS and test recordings made at F26 and 
112. in this case the reference microphone was located in line with the measuring track. 
(only one microphone was used at F12, at 1.2m height). The measurements at each location 
were again repeated with the microphones moved to either side of the marked post. 
The weather was recorded as mostly sunny with some thin cloud and no apparent 
wind. The temperature was about 16.5° C at the beginning of the experiments rising to 
about 19.5° C later in the day. The relative humidity was 60%. 
9/7/84 and 8/8/84 results. 
The results of the measurements made on these two days are presented in full in 
appendix B3. with best fit ground parameters in appendix C3. summarised in tables 6.4.1 
and 6.4.2. 
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Table 6.4.1 Summary of best fit ground parameters 9/7/84. 
Model 
Ilomogeneous Delany and Bazley Rigid-Racked layer 
o. 
max 110000 60000 110000 
mean 73750 41250 77500 
min 50000 30000 50000 
mean difference 
max 6.95 7.39 6.98 
mean 5.41 5.63 5.42 
min 3.21 3.38 3.10 
de 
max 0.090 
mean 0.073 
min 0.060 
Table 6.4.2 Summary of best fit ground parameters 8/8/84. 
Model 
Ilomogeneous Delany and Bazley Rigid-Backed layer 
O'r 
max 110000 60000 110000 
mean 64545 36364 69091 
min 40000 30000 50000 
mean difference 
max 7.91 8.25 7.81 
mean 4.98 5.01 4.89 
min 3.49 3.32 3.39 
dý 
max 0.109 
mean 0.083 
min 0.056 
The relatively large spread of the best fit results and high values of least mean square. 
for both sets of measurements, indicate that the simplified model of a flat, uniform ground 
surface does. not -adequately represent the ground effect. 
in this. stand. The ground can be 
seen to be uneven and non-uniform as there is a covering of tussocky grass below the pine 
and spruce rows. This ground covering may affect the sound propagation. The results indi- 
cate a homogeneous ground surface rather than one with a layered structure or increasing 
porosity with depth. The results obtained on 9/7/84 and 8/8/84 are very similar, and there 
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is no significant. difference between the best fit results for the two measuring tracks. 
'I'lse high frequency part of the attenuation measured in this woodland on the two 
days are also very similar within the limits of the accuracy of the experimental techniques. 
Figures 1.4.2 and 6.4.3 are examples of comparisons between the measurements made on the 
two clays. 
The shorter distance measurements (12m and 14m figures 133.1.133.5.133.10 appendix 
113) show large scale variations due to interference patterns which are less evident in the 
longer distance measurements. The peaks and dips do not match those of the predictions. 
this is again likely to be due to the unevenness of the ground. There could also be some 
meteorological effects: a slight wind or a velocity gradient would cause interference peaks to 
be broadened or shifted in frequency, respectively. 
When the source is at F26 the attenuation at FS and G24 can be compared directly 
over the whole frequency range since the separation distances are approximately the same 
(26m and 24m respectively). Figure 6.4.4 shows the mean of the measurements made on 
8/8/84 and 9/7/84 at each of these measuring positions compared for the two microphone 
heights. The two attenuation spectra are similar but the G track generally has a higher 
attenuation at most frequencies. This difference is slight but is consistent throughout the, 
data. A further comparison can be made between the two tracks and different parts of the 
same track. at high frequencies by converting all the attenuation data to the attenuation per 
24m. 
Figures 6.4.5 to 6,4.8 show the results of converting the results to attenuation per 
24m. The shorter range measurements (12m and 14m) are evidently affected by interference 
effects and other fluctuations, the measurements made at 24m or more show the overall pat- 
tern of increasing attenuation with frequency with only relatively small peaks and dips ie. 
a fairly smooth line. 
- 173 - 
'I'lse overall structure of the stand is evidently not homogeneous as it consists of areas 
of particularly dense foliage and branches in the red cedar rows and a much more open 
structure in the spruce and pine rows. The attenuation spectra indicate that the high fre- 
quency attenuation does reflect the density of the vegetation. The G track passes through a 
longer distance of the dense red cedar stand; since it crosses the rows at an oblique angle 
whereas the F track is approximately normal to the rows. Figure 6.4.9 shows that the 
attenuation rate is greater in the G track. 
Two of the measurements made at Bucknell Wood on the 8th August 1984 were made 
along the same measuring track but the source and microphones were reversed. The meas- 
urements were made over a measuring track of 26m, the source and microphones were 
located at sites FS and P26. The resulting attenuation graphs are illustrated in figures 6.4.10 
and 6.4.11. It is evident that the attenuation spectra are very similar. When the range of 
attenuation values are plotted for each of these attenuation spectra, the ranges overlap along 
practically their whole length except for frequencies above 7kllz for both microphone 
heights. Exchanging the source and receiver positions does not represent an exact reversal of 
the source-receiver geometry since the microphones are not located at exactly the same 
height as the speaker. In the high frequencies the source height can be assumed to be 1.5m 
whereas the receivers are at 1.2m and 2.5m. Differences in the vegetation structure at the 
different heights close to the source or receivers. could have caused a real difference between 
the signals propagating in the different directions. this suggests that such vegetation effects 
are high frequency phenomena such as scattering and absorption by branches and foliage. 
The other cause of the difference could be reflections from the trees. particularly the dense 
red cedar rows, the source at F26 is very close to a belt of red cedar which could therefore 
be reflecting sound back towards the speaker. decreasing the test signal and increasing the 
reference signal, thus increasing the attenuation. 
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Measurements Made 2/7/85 
Measurements were made on 2nd July to assess the extent to which the high frequency 
attenuation in this woodland can be attributed to the red cedar belts. Figure 0.4.12 shows 
the layout of the experiment designed to assess the attenuation rates from different parts of 
the stand. the three locations of track F are included along with some extra locations: the 
measurements made are summarised in table 6.4.3. Microphones were located at 1.2. and 
2.5m heights for each measurement location. 
Table 6.4.3: Measurements made 2/7/85 
Measurement Source Source Microphone Separation 
number location height location distance 
I FS 1.3 a 2 (reference) 
2 I'S 1.3 b 7 (no trees in path) 
3 FS 1.3 c 7 
4 FS 1.75 c 7 
5 FS 1.75 F12 12 
6 I'S 1.3 F12 12 
7 PS 1.3 d 16.8 
8 FS 1.75 d 16.8 
9 PS 1.75 126 20 
10 PS 1.3 1'26 26 
11 PS 1.3 F26 26 
12 P12 1.3 F26 14 
13 F12 1.75 P26 14 
If the red cedar rows cause significantly more attenuation than the other species and 
the wider row has a greater effect than the narrower, the magnitude of the attenuation rates 
in dB per 24m should be ranked according to the proportion of the propagation path which 
passed through the red cedar belt. Table 6.4.4 shows this ranking as determined from figure 
6.4.12. 
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Table 6.4.4 
Position measurement number 
highest 12.13 
9.10 
5,6 
7.? i 
3.4 
lowest 2 
Comparison between the attenuation values of the measurements is shown in figures 
6.4.13 to 6.4.15. The values illustrated are mean values for all the measurements at each of 
the microphone locations, at the two different microphone heights and source heights. The 
attenuation spectra are illustrated in full in Appendix 133. 
Figure 6.4.13 shows the comparison between the 2 measurements at the shortest 
separation distance. Measurement 2 was made along an open space between the trees with a 
clear path between the source and receiver. There were only a few spruce and pine branches 
in the measuring path of measurements 3 and 4 but no dense vegetation so it is unlikely 
that the small increase in attenuation at high frequencies is significant. The spectrum for the 
two 7m measurements are evidently dominated by the interference patterns and are there- 
fore not very useful in the comparisons of the attenuation attributable to the trees them- 
selves. The only useful comparisons that can be made are therefore the differences between 
the attenuation through the thick belt and the thinner belt of red cedar. since these meas- 
urements were made at a rather longer distance and are less affected by the interference pat- 
terns although some interference effects can still be seen as the distances range from only 
12m to 26m. 
Figure 6.4.14 compares the measurement made through-the wider red cedar belt only 
and that made through both belts, thus the red cedar made up a greater proportion of the 
propagation path in the former(measurements 9 and 10). The result for measurements 9 and 
10 are slightly higher for most of the range although the large peak in the data appears to be 
due to an interference maximum. At the highest frequencies the values are more similar 
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although this is the hart where the greatest differences would be expected. 
Figure 6.4.15 shows that the results from the measurements with both the red cedar 
belts are indeed higher than those made with two belts of the spruce and pine but only one 
of red cedar. The relatively smooth spectra are due to the slightly longer distance causing a 
greater disruption of the interference pattern by scattering and turbulence. The difference.,; 
between the two measurements are mainly in the higher frequencies as would be expected if 
an increase in attenuation with frequency is assumed. It seems that a more detailed analysis 
of the differences between the propagation paths is not possible since the ground interference 
effects have so great an influence. 
The influence of the ground effect has been discussed in this chapter to describe some of 
the similarities and differences between the results from different days in the same stand. 
Similar comparisons can be made for the high frequency part by using the scattering model 
described in chapter 5. Such comparisons with predictive models are also, of course. useful 
in comparing the different stands. In order to assess the applicability of this model. particu- 
larly in the presence of a ground surface, some model experiments were carried out which 
are described in the following chapter. To avoid unnecessary repetition, therefore. further 
discussion of the results and comparison between the stands have been left until Chapter 8. 
following the results of the model experiments. 
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Figure 6.4.2 
Measurements made at the some location on different days. 
Source at F26, receiver at F12. on 9/7/84 and 8/8/84 (--y--) . 
Figure 6.4.3 
Maasurements made at the same location on different days. 
Sourca at F26, receiver at G40. on 9/7/84 and 8/8/84 (-----). 
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Figure 6.4.7, 
Attenuation per 24m for 26m measurements at Bucknell (track F). 
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Attenuation per 24m for 40m measurements at Bucknell. (6 track) 
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Figure 6.4.9 
Attenuation per 24m for 26m, 24m and 40m measurements at Bucknoll. 
24m along G track mean of both days. 
--- 26m along F track mean of both days. 
-"-'- 40m along G track mean of both days. 
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Measurements made along the some path in opposite directions. 
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Measurements made along the same path in opposite directions. 
measurements made 8/8/4. Path is between F26 and FS. 
Microphones at FS. and microphones at F26(-----). 2.5m height. 
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Chapter 7: Experiment to Investigate Scattering by an Array of Cylinders. 
Experiments were carried out to assess the magnitude and frequency dependence of 
attenuation caused by an array of cylindrical scatterers. The Embleton model described in 
chapter 5'defines the attenuation by an array of infinitely long cylindrical scatterers so the 
first experiment was designed to determine the validity of this model in scale model experi- 
ments. The second experiment assesses the attenuation by an array of scatterers near to a 
ground surface, a situation more comparable to the field measurements described in chapter 
6. Both parts of the experiment were carried out using the apparatus illustrated in figure 
7.1. 
7.1 The infinite length cylinder case. 
Method 
An array of long, cylindrical scatterers was constructed in a small anechoic chamber. 
The cylinders used were wooden dowel rods of 6mm or 12mm diameter. there were 160 
... rods of each diameter. A piece of welded wire mesh with parallel . wires 12mm apat was 
attached to the ceiling of the anechoic chamber, below the foam lining of the chamber. The 
wire mesh was marked with a grid so that each hole of the mesh could be identified by x 
and y coordinates. A FORTRAN routine using a system subroutine for generating random 
numbers, was used to generate a series of random locations (x and y coordinates) for the 
rods in an array of given density and length. The distance between the top of the foam and 
the wire mesh was a few centimeters less than the length of the rods (ie about 1.8 meters). 
Each rod was located in the square of the mesh corresponding to the x. y coordinates of the 
random array. The bottom of the rod was located on the foam so that it was supported in a 
near vertical position. The rods were evidently not exactly vertical since they were simply 
judged by eye and could move around within the squares of the mesh. Some measurements 
were made comparing the array with the cylinders judged to he near vertical and the same 
array with the rods deliberately moved away from the vertical position. 
1s ý1 - 
The sound source used was the air jet described in detail by Heap (1982) which gives a 
broad band random noise signal with much energy in the high frequencies. The air jet 
behaves as a spherical source with the actual position of the origin of the sound between 2 
and 4 mm above the top of the air jet 0 lean IM). The air jet was located within the array. 
clamped to a retort stand. 
An array of four microphones were used. to give a spatial average of attenuation. The 
microphones were attached to it horizontal rod in the chamber. The microphones were thus 
oriented with the diaphragms approximately normal to the wave front. Details of the 
microphones and preamplifiers used are given in figure 7.2. These microphones systems were 
chosen as they were the only small diameter microphones available. Half inch microphones 
were considered to have insufficient response at high frequencies for this experiment since 
the experiment relied on recording high frequencies, up to 100kllz. The x and y coordinates 
of the source and microphones were determined by suspending a plumb-line from the wire 
mesh. at a known x. y location so that it was just touching the end of the microphone or 
slightly above the centre of the top of the air jet. The separation distance between the source 
and each of the microphones was 0.6m to 0.7m. 
The experimental set tip was assumed to approximate to the case of infinitely long 
cylinders, since the propagation path is shorter than the distance between the source or - 
receivers and the end of the cylinders, or the üoor, ceiling or grid. The pathlength difference 
is therefore sufficiently large to reduce the level of any reflections from the floor or ceiling to 
8 to 10 dl) less than the direct signal, even if a rigid surface is assumed (there is no hard 
surface so the level of reflections is likely to be considerably lower). 
Attenuation measurements were carried out as follows: 
i) The array of rods were installed in the anechoic chamber and the compressed air source to 
the air jet turned on. The air jet was left on throughout the experiment to avoid any 
changes in pressure and therefore sound level, between the different measurements. 
ii) The signal from two microphones was fed into two measuring amplifiers (type 2607 or 
2608) and the attenuators set to give a suitable output level to the Nicolet P171' spectrum 
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analyser. The rms spectra from the two microphones was averaged over 128 . 
004 nms sam- 
pies giving an rms spectrum of the signal up to 100kI1z - the maximum range of the instru- 
ment. The rms spectra were transmitted to the computer. 
iii) The other two microphones were then plugged into the measuring amplifier and simi- 
larly analysed. Various measurements were made with the rods in place eg. they may have 
been moved out of the vertical position or a portion or the array removed. 
iv) All the rods were then removed from the chamber, taking care not to move the micro- 
phones or air jet, and the free field sound of the air jet measured at each of the microphones. 
v) The air jet was then switched off and the noise from the system measured, ie the same 
procedure carried out as for the experimental measurements. with the same attenuator set- 
tings on the measuring amplifiers. 
The attenuation is calculated as the difference between the free field sound pressure 
level and the level with the scatterers in place. In practice this was actually the ratio 
between the output voltages from the measuring amplifier for the two cases: corrected for 
any difference in measuring amplifier gain, this was not generally required since the 'with' 
and 'without' measurements were made using the same attenuator settings. Since the whole 
system is the same for both measurements ie. the same microphones. cables, preamplifiers 
and amplifiers, no other calculation or correction is required. The data was again smoothed 
before plotting. 
Arrays Constructed 
Figures D. 1 to D. 13 in appendix D illustrate the measurements made. The sizes of the 
array, the rods and the source are approximately to scale. Brief descriptions of the arrays are 
given in table 7.1. Five arrays were created using the same locations, first with the 6mm 
rods and then the 12mm rods; the locations of the source and microphones were also 
approximately the same. Two of these arrays are random with densities of 240 (measure- 
nients A-6 and A-12). and 360 rods / mZ (measurements li-G and 13-12). The regular arrays 
of measurements C to E were used because the density is more uniform and can easily be 
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altered by removing each alternate row (I)-(º and 1)-12 ) and then each alternate column 
(F-( and F-12). this gives arrays with densities of approximately 400.200 and 100 rods / 
in 2 respectively. Measurement I: is a mixed array in which the array from A-12 is used and 
another random array with the same density ( 240 rods / mZ) created within it. using the 
bmm rods. Measurements A-l. I3-b and 13-12 were repeated with the rods deliberately 
moved so they were located in the same grid square at the top but were no longer vertical or 
near vertical, to investigate how much influence the orientation of the rods has on the 
overall attenuation. 
Table 7.1: Description of arrays (illustrated in Appendix D) 
Measurement 
number 
radius density arrangement 
A-6 0.003 240 random 
13-6 0.003 360 random 
GG 0.003 400 regular 
1)-6 0.003 200 regular 
11-6 0.003 100 regular 
A-12 0.006 240 random 
13-12 0.006 360 random 
C-12 0.006 400 regular 
D-12 0.006 200 regular 
E-12 0.006 100 regular 
F 0.003/0.006 480 random 
Results 
" In this section the conclusions to be drawn from the results will be disussed with 
reference to some examples of attenuation measurements from individual measurements and 
mean values. 
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Air Jet Free Field Spectra. 
Figure` 7.3a to 7.3d show the spectra of the air jet measured at each of the four micro- 
phones. from measurement 13-6, for the without scatterers ('free field') case, the scattering 
case and background noise. The separation distance was about . 65m and the array was of 
6mm rods with a density of 360. The spectra are the Voltage levels output from the 
measuring amplifiers in decibels relative to I Volt. The attenuator was set at a different set- 
ting for the 1/8 inch microphone (microphone 3) ie. the gain was 20d13 greater than that for 
the 1/4 inch microphones because of the lower microphone sensitivity of the 1/8 inch micro- 
phone, but the Voltage output from the measuring amplifier is of a similar level. 
It is evident that the 'without scatterers' spectrum is dependent on the free field spec- 
trum of the air jet, air absorption, the frequency response of the microphone, background 
noise and any reflected sound energy. The air jet has been shown (lleap 1982) to approxi- 
mate to a spherical source, therefore the free field level is the same at all the microphones, 
with only very small differences in level due to the slightly different separation distances. 
The 1/8 inch microphone has a flatter frequency response to higher frequencies than the 1/4 
inch ones as can be seen in figure 7.3d. The spectrum shape from the three 1/4 inch micro- 
phones is very similar. ie. the graphs of the spectra are approximately parallel with small 
differences in magnitude due to differences in the sensitivity and gain of. the -different sys- 
tems. The 1/8 inch microphone spectrum is also very similar in shape up to about 50 kllz. 
the difference at the higher frequencies being due to the better response for the 1/8 inch than 
the 1/4 inch microphones. This suggests that the spectrum measured is very close to the 
actual free field spectrum of the air jet, since any reflections from elements of the chamber 
would affect the microphones differently due to their different locations. 
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Signal to Noise Ratio 
Figures 7.3a to 7.3d also illustrate a comparison between the received spectra with the 
air jet turned on (both with and without scatterers cases) measurements and the 'noise' for 
the measuring systems ie. the measuring set up was the same with the same attenuator set- 
tings. but the air jet was switched off. For most frequencies the signal is considerably higher 
(40 to 50 (113) than the noise. the difference being lower at both ends of the frequency scale. 
The signal is always at least lOd13 above the noise therefore the signal level is assumed to be 
high enough to give a reliable result at all frequencies. A similar check was carried out for 
all the measurements with and without the arrays in place to ensure an adequate signal to 
noise ratio for each experiment. In a few cases the signal to noise ratio was less than 10 dl3 
for the lkIlz point but no correction is made for this. It is possible that the noise introduced 
some inaccuracies into the low and high frequency parts of the measurements. 
Attenuation Spectra 
Figures 7.4a to 7.4d show typical examples of the measured attenuation spectra from 
each of four microphones. The attenuation spectra were calculated from measurement A-6: 
ie a separation distance of about 0.65m and an array of 6mm -rods with .a 
density of 240 - 
rods / m2. The solid lines are the first set of measurements and the broken lines the meas- 
urements made after the rods had been moved slightly. The series of sharp peaks and dips 
at different frequencies in the different measurements suggests that some interference effects 
occurred: that is. two or more paths between the source and receiver exist causing cancelling 
and enhancing effects related to phase differences. The geometry of the system relative to the 
floor and walls of the anechoic chamber was unchanged between the free field and scattering 
cases so that the peaks and dips caused by interferences were unlikely to have been caused' 
by reflections from elements of the chamber or measurement system. The interferences can 
therefore be assumed to result from reflection by the cylinders. This assumption is sup= 
ported by the fact that the measurements with the cylinders in slightly different positions 
have different patterns of attenuation. Similar conclusions can be drawn from the data of 
the 12mm arrays where the cylinders were moved out of the vertical. 
(see figures U. 20 to y.; 
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D. 23) 
The low frequency parts of the attenuation spectra are generally close to zero with 
only small scale peaks and dips. This suggests that little scattering occurred, the small scale 
deviations being within the accuracy of the measuring system. Scattering effects are obvious 
above these frequencies, both as interference patterns and as a positive attenuation. The 
lowest frequency at which the scattering effects are obvious are between 5 and 10 kliz for 
the 6mm rods and between 2 and 6 kllr_ for the arrays containing 12mm rods, indicating 
that the diameter determines the frequencies that are scattered. as would be expected. The 
frequency at which the wavelength is equal to the diameter of the rods is 57.17 kHz and 
2S. 58 kllz for the 6mm and 12mm rods respectively, but there is significant scattering at 
frequencies well below this, as low as frequencies at which the wavelength is ten times the 
diameter of the rods. Theories predicting the scattering by a single scatterer suggest that 
there is little or no scattering effect when the wavelength is much larger than the scatterer. 
In multiple scattering theory. ie where the density of scatterers is sufficiently large. the sin- 
gle scatterers interact to give an effect which is greater than the sum of the effects of the 
same number of single scatterers. These results, therefore. demonstrate that multiple 
scattering occurred in the experiment. 
. 
At higher frequencies the attenuation increases with increasing frequency. Many. of the 
spectra flatten or drop at the top end of the frequency range. The marked high frequency 
dip in some of the data (eg figure 7.4a) may simply be a result in the drop in sensitivity of 
the microphones at high frequencies introducing an inaccuracy into the measurement. 
The differences between the attenuation spectra with the rods in slightly different posi- 
tions is not very great in most of the attenuation spectra examined. This suggests that the 
attenuation is not greatly affected by the fact that the rods are not located exactly in the 
same place or exactly vertically; certainly this will not significantly affect the average 
attenuation values. The source - receiver separation distance was virtually the same for all 
the microphones, the differences between attenuation at the different microphones is there- 
fore due to the fact that the array was random rather than regular, so the propagation paths 
had a different arrangement of scatterers which would evidently cause differences in 
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attenuation. 
Measurements were carried out with array A-12 then repeated with the rods behind 
the microphones removed (see figure D. 13). thus the microphones were at the edge of the 
array rather than within it. Figures 7.5a to 7.5d show the comparisons between the two 
cases ( ie microphones at the edge of, or within the array) at each microphone for these 
measurements. There is some evidence of a slightly smaller attenuation with the rods 
removed, but the differences do not seem to be significant therefore the other measurements 
made with the microphones at the edge of the array are assumed to approximate to the case 
of receivers within a semi-infinite array. as is defined for the predictive model. A similar 
result was obtained by removing all the rods behind the microphones in the array of experi- 
ment F. and comparing the attenuation with that of the whole array, figure 7.6 is an exam- 
ple of such a comparison: again showing that removing the rods behind the microphones has 
little effect on the attenuation. 
Paired Comparisons Between Mean Spectra. 
The overall attenuation should be assessed as a mean from many locations to eradicate - 
the effects of interferences in the comparisons between different arrays and between the 
measured and predicted values. In the following sections the mean values of different meas- 
urements are compared to investigate various factors involved in the attenuation of sound 
by the arrays. The comparisons are made by plotting the mean values of all the attenuation 
spectra (from the four microphones) for two particular measurements on one graph, and 
comparing the spectra visually. The maximum and minimum attenuation values (the 'range' 
of values) obtained from the four microphones are plotted on a second graph in order to 
assess whether any differences in the-mean values can be considered to be significant ie 
whether the range of values obtained overlaps. 
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6111111 vs 12mm rods. 
Figures 7.7 and 7., % compare the mean attenuation values from measurements A-G and 
A-12 and 13-6 and 11-12. The arrays of 12mm rods generally give a higher attenuation than 
those of 6mm rods. The range of values only overlap slightly for array A (figure 7.7a) but 
overlap considerably more in the more dense array B. (figure 7.8a) ie the difference between 
the two diameters is less marked. The difference between the 12mm and 61-nm arrays for the 
regular arrays (C, I). E) is negligible (see figures 7.9). The attenuation appears to be lower for 
array 13-12 than for 1'-6. which is rather unexpected. the attenuation values for this array 
are, however very small. 
Random vs Regular Arrays. 
The array density and source and receiver positions were approximately the same for 
measurements 13-6 and C-G (6mm rods) and for 13-12 and C-12 (12mm rods) but the distri- 
bution of the rods is different. B-G and 13-12 being random arrays and C-6 and C-12 
arranged in regular rows. Figures 7.10 and 7.11 show the mean values of the attenuation 
measured for the two arrays and Figures 7.10a and 7. lla show the range of attenuation 
values obtained at each frequency. Figures 7.11 and 7.1 la show that the random array gives 
a slightly higher mean attenuation than the regular array for the 12mm rods, although the 
density is slightly lower, this difference is not significant since the ranges overlap over most 
of the spectrum. The regular array appears to have a rather smaller spread of data than 
array B-12. Figures 7.10 and 7.10a show even less difference for the 6mm rods except at 
frequencies between 10 and 20 kliz and at the highest frequencies, where the random array 
gives a slightly higher attenuation. The regular array again has a slightly smaller range of 
attenuation values. There does seem to be some difference between the random and regular 
arrays which cannot easily be defined from the limited results here. The smaller range of 
values observed suggests that the four propagation paths for the regular array were more 
similar than those for the random array as might be expected eg. from figures D. 3 and D. 8 
in Appendix 1). The differences in the conclusions of the previous section concerning the 
differences between 6mm and 12mm diameter rods also point to differences between the 
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regular and random arrays. It is possible that some form of multiple reflections between the 
rods arranged in regular rows cause the differences in the patterns of attenuation. The 
differences are. however., mall. 
Two densities of random arrays. 
Figures 7.12 and 7.12a show the comparison between the mean attenuation spectra for 
the two different densities of random arrays. There is little difference in the attenuation 
obtained with the two arrays: with a more marked difference between those constructed 
with 6mm rods than the 12mm arrays. This shows that the attenuation is not much affected 
by changes in the density of the arrays. 
Regular Arrays With Ilalf and Quarter Densities. 
The regular arrays I) and L' are formed by removing parts of array C so that D has 
half the density of C. and F has half the density of D (see figures D. 3 to D. 5). Figures 7.13a 
to 7.13d show some comparisons between the mean attenuations for these arrays. comparing 
the different densities of arrays. The mean attenuation for array C is greater than that of 
arrays D and E for both the 12mm and 6mm rod measurements. The difference between 
arrays D and E is less marked. The attenuation measured for array E is very low, it is negli- 
gible for the 6mm rods but generally above zero for the 12mm rods. Array D gives slightly 
greater attenuation than array E for the 6mm rods but arrays D-12 and E-12 give very 
similar results. Again, these results show that the attenuation is relatively insensitive to 
changes in density. The very small values for arrays E perhaps indicate that the attenuation 
is only similar above a certain density which is sufficient to give a measurable attenuation. 
The wide ranges of attenuation values obtained makes interpretation of the differences unc- 
ertain. 
s 
- 197 - 
Mixed 480 array vs pure 240 array. 
Figure 7.14 demonstrates that adding an array of Onim cylinders within the array of 
12mm cylinders did not give a significantly greater attenuation. There is also no significant 
difference between the retiults from array 13-12 and the mixed array F. (figure 7.14a) 
I 
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Measurement B-6 microphone 1 Signal level from the measuring amplifier for free field. 
with array (---- ). and noise. (array density 360) 
/ 
' `; l ýýý \1 
1.00 Frequency kHz 100.00 
Figure 7.3b 
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Measurement 8-6 microphone 4 
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Attenuation through array A-12 and array A-6 (----). 
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Attenuation through array B-12 and array B-6 (----). 
Range of values from the 4 microphones. 
-209- 
15.00 
m v 
c 
0 
,, 
0 
3 
d 
4) 
-5.00 
14 
15.00 
1-1 m 
c 
a 
a 
c 
aº 
-5.00 
ý ýý 
v 
Jl INI 
1.00 Frequency (kHz) 100.00 
Figure 7.9b 
Attenuation through array 0-12 and array 0-6 (----). 
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Attenuation through array C-12 and array C-6 (----). 
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Attenuation through array E-12 and array E-6 (----). 
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Attenuation through array 9-6 and array C-6 (----). 
Mean value for the 4 microphones. 
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Attenuation through array 0-6 and array C-6 (----). 
Range of values from the 4 microphones. 
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Attenuation through array B-12 and array C-12 (----). 
Range of values from the 4 microphones. 
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7.2 Comparison with Predictive Model 
The solid lines of (Figure 7.15a and 7.15h are the mean attenuation spectra of measure- 
ments A-b and A-12 compared with the prediction of attenuation from the scattering model 
presented by I; rnbleton (1966). described in chapter 5. The predictions use the measured 
input parameters and assume the surface of the cylinders to be rigid. It is evident that the 
model over-predicts the attenuation observed in the experiments. particularly for the 12mm 
rods. Reducing the input density considerably gave a much better correlation between the 
predicted and measured spectra, as did using a much smaller input radius. The model was 
therefore incorporated into a least mean squares fitting routine. Any two of the parameters, 
radius. density. separation distance and surface impedance of the cylinders; could be altered 
in incremental steps within a given range of values. The values of the two parameters which 
gave the smallest mean difference, over the whole of the frequency range lkllz to 10k1Hz (ie 
'the best fit' parameters) were output by the program. together with the lowest mean 
difference value which is calculated from these parameters. 
Table 7.2 Results of Fitting the Predictive Model to the Measured Attenuation. 
The mean dit'ercncc (md) is calculated for the actual values of radius (rad) and density (den) using the measured 
separation distance and assuming hard cylinders (column 4). Pitting is then carried out by changing both the radius 
and density (columns 5-7), or the density (columns l and 9) or radius (10 and 11) alone, maintaining the measured 
values for the other parameters and assuming hard cylinders. A lower and value indicates a better fit to the data. 
Actual Values Fitting both 
radius and density 
Fitting 
density only 
Fitting 
radius only 
array rad den and rad den and den and rad and 
A-6 0.003 240 2.21 0.0042 70 0.70 110 0.75 0.0017 0.88 
B-6 0.003 360 3.02 0.0036 140 0.99 180 1.00 0.0019 1.25 
C-6 0.003 400 2.88 0.0046 130 0.82 230 1.02 0.0021 1.43 
D-6 0.003 200 1.06 0.0032 140 0.73 150 0.73 0.0025 0.77 
E-6 0.003 100 0.64 0.0035 90 0.62 110 0.62 0.0032 0.62 
A-12 0.006 240 4.95 0.0051 140 0.71 110 0.78 0.0035 0.99 
13-12 0.006 360 8.69 0.0063 130 1.09 140 1.12 0.0030 . 2.09 
C-12 0.006 400 11.16 0.0060 110 1.13 110 1.13 0.0024 1.75 
D-12 0.006 200 5.46 0.0054 70 0.97 60 0.97 0.0025 1.17 
E-12 0.006 100 3.17 0.0125 10 1.16 20 1.20 0.0021 1.3 
F 0.0045 480 7.96 0.0048 160 0.84 170 0.85 0.0022 1.58 
Table 7.2 presents the results of fitting the model to the attenuation data for the 
results described in section 7.1. The separation distance was maintained as the mean 
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measured source to receiver distance. and the cylinder:. assumed to be rigid, since the surface 
impedance ol* wood is high The results of fitting the radius and density together and 
separately are given, as well as the mean difference For the actual measured radius and den- 
sity. The radius was fitted in increments of 0.0001 m and the density in increments of 10 
rods / int. The radius used for array F is 4.5mm. the mean radius for the rods, since an 
equal number of the (mm and l2mm rods was used. 
The best fit, altering the radius and density simultaneously. was achieved by altering 
the density considerably more than the radius. The mean for all the results indicates a best 
fit where the density is reduced by 50% and the radius increased by 5%. The change in 
radius is different for the two sizes of rods ie for the 3mm radius rods the radius is 
increased by about 30% and for the 6mm radius rods the radius is reduced by about 80% 
this would be expected from the result noted in section 7.1 that there is not a very large 
difference in the attenuation spectra for the arrays with different densities and radii. The 
main exception to this result was the comparison between arrays A-b and A- 12 (figure 7.7). 
The best fit radii for these arrays (maintaining the measured density) are 0.0017m and 
0.0035m ie both achieve a best fit by reducing the radii by 42 to 43%. similarly both give 
the same best fit density when the measured radii are used ie. 110 a reduction of 54% from 
the actual value. These are the sort of results which would be expected from this experi- 
ment if the dependence of the attenuation on radius size and density is correctly described 
by this model. 
The lowest mean difference values are smallest for the simultaneous fitting of both 
parameters, as would be expected. The value obtained by maintaining the measured radius 
and altering the density only is consistently lower than that obtained when altering the 
radii: this leads to the conclusion that reducing the input density is likely to give a more 
accurate prediction of the attenuation. The conclusions reached in section 7.1 that the 
attenuation is relatively insensitive to changes in density is supported by the fact that the 
reductions in density required are large. The mean adjustments made for the 3mm radius 
rods and the limm radius rods (from column S) were 32% and 68% respectively. In table 
7.3 the overall mean of the mean squared difference values obtained by reducing the density 
by in 40,50,60 and 70% are compared. The mean value of mean squared difference 
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obtained indicates that the best simple stratagem to improve the prediction by this model 
over all the measurements %vould be to reduce the density input to the model by approxi- 
mately 60%. Figures 7.15a to 7.151' are examples of the comparisons of the mean values 
with predictions using the actual, best fit (from column 8 of table 7.2). and modified 
(reduced by 60%) densities. These figures `how that the modified model gives a fairly good 
fit to most of the data, obviously the hredict. ion is not as good as that from the best lit den- 
sities. The modified model does not give such a good fit to the attenuation spectra of C-12. 
Figure 7.10 shows that the prediction using the mean radius and total density is virtually 
the same as that for sum of the attenuations from the two individual arrays. one with a 
radius of 3mm and one of 6mm. This illustrates the validity of using the mean radius of a 
mixed array in the modified prediction model, in this experiment. 
Table 7.3. Mean effect of altering the input density by a given percentage. 
by which density is reduced 0 30 40 50 60 70 
mean of all NIS values 31.97 10.1O 5.76 2.97 1.74 2.23 
standard deviation of all MS values 39.72 13.30 7.62 3.56 1.13 1.04 
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7.3 Measurements with a 'ground' surface. 
The second set of measurements carried cnut was designed to investigate the effects of 
an array of cylinders in the presence of it ground surface. The aim was to find out whether 
it is acceptable to simply add the attenuation due to scattering to the ground interference 
effects. The insertion loss of an array was calculated as the difference between the propaga- 
tion across a surface without and with an array of scatterers 'planted' in it. It follows that 
if the total attenuation is the sum of the ground and scattering attenuations, the insertion 
loss should be the same as the attenuation calculated in the previous. 'infinite case' measure- 
ments. 
The 12mm rods used in the previous experiment were cut to fit between the grid on the 
ceiling and a tray of sand on a table in the anechoic chamber. There were then 160 rods 
approximately 1.52m long and 160 short rods 0.28m long. The tray of sand was 1.2m wide. 
2.4m long and about 0.075m deep. the air jet protruding vertically through the bottom of 
the tray and the sand so the open end was about 0.065 cm above the sand surface. The 
microphones were in the same array (see figure 7.2), and were located at approximately the 
tame x. y coordinates as in the previous experiments, about 7cm above the surface of the 
sand. 
The longer 12mm rods were used to construct the arrays A-12 and 13-12 in the same 
way as the first set of measurements ie. the tops of the rods were located in the grid squares 
and the bottom ends were pushed into the sand. The signal from the air jet was analysed 
and stored and the long rods replaced with the short rods, ie the 28cm rods were pushed 
into the holes left in the sand when the long rods were removed. Approximately 20cm of 
the rods protruded above the sand. The rods were then removed and the signal from the air 
jet analysed and stored before and after filling in the holes and smoothing the surface. The 
air jet was again left on throughout the experiment to avoid fluctuations in air flow, and the 
same situation repeated at intervals to check that the source is constant ie the 'no rods. 
un. moothed ground surface' measurement was carried out before, in the middle and at the 
end of the regular array measurements: the results were all very similar. 
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Figure 7.17 (ands 7.17a) shows a comparison between the mean of the results from 
array 11-12 constructed long and short rods. There was little differencC between the two 
cases. Short rods were therefore used to construct arrays C-12,1)-12 and I: -12 and the 
smaller arrays, since the shorter rods were easier to work with. The 'strips' of scatterers 
were constructed by inserting short rods into some of the holes left in the sand when array 
C-12 was removed. These were used to investigate whether it narrower strip of scatterers of 
the same radius and density will give a proportionately smaller attenuation and whether the 
location of such a strip has any influence on the result. 
The stored spectra were transferred to the VAX mainframe where the insertion loss 
was calculated by subtracting the level recorded with the array in place from that recorded 
over the flattened sand surface. The excess attenuation was also calculated for some of the 
data. particularly for the measurements without the rods. Since it was not possible to meas- 
ure the free field at the time of this experiment. stored free field spectra from the experi- 
ments described in section 7.1 were used. The excess attenuation is calculated as the level 
recorded in this experiment minus the stored free field level, corrected for any differences in 
measuring amplifier gain setting. 
Results 
Figure 7.18 shows the excess attenuation at one of the microphones of some prelim- 
inary measurements over the flattened sand carried out before the scatterers were intro- 
duced into the sand. The prediction illustrated is calculated from the propagation model 
described in chapter 4 using the best fit flow resistivity from the Delany and Bazley model 
of ground impedance. This show a fairly good level of agreement in the location of the peaks 
and dips. if not in their magnitude: indicating that ground interference effects occurred and 
could be detected. 
Unfortunately the excess attenuation measured from the rest of the measurements in 
this experiment indicated that the spectrum of the air jet had changed significantly. For 
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example the excess attenuation illustrated in figure 7.1ha is from the Name experimental 
set-uh as that 01' figure 7.1N but is quite different in frequency dependence and magnitude. 
The differences cannot he accounted for by inaccuracies in the location of the microphones or 
differences in the ground surface, therefore I conclude that the source spectrum had altered. 
The spectra measured from the propagation over the smoothed and unsmoothed sand 
surfaces alone are generally very similar. (see figures I). 24 to l). 27) therefore the ground 
effect from the measurements carried out using parts of C-12 with the remaining holes left 
in the sand can be assumed to be the same as that for a smoothed surface; and either the 
smoothed or unsrnoothed measurements used in the calculation of insertion loss. 
Figures 7.19a to 7.19d are examples of the comparisons between the mean attenuation 
from the 'infinite length' measurements and the mean insertion loss using the same array. 
The ranges of values obtained for the four microphones overlap considerably over most of 
the frequency range ie the means are not significantly different. Thus the conclusion can be 
drawn that an infinite length prediction could be added to the attenuation expected from the 
ground surface alone, to predict the attenuation due to an array of vertical cylinders over a 
ground surface. The conclusions obtained for the infinite length case will therefore also hold 
for the situation investigated in the sand-box, including the conclusion that the scattering 
model has to be modified considerably to predict the attenuation accurately. 
Figures 7.20 and 7.20a show comparisons between the insertion loss results for the 
experiments using parts of array C-12. as illustrated in figures D. 14 to D. 19. The differences 
in the means are small but both the 6 row and 4 row measurements do give a consistently 
greater attenuation with the rods closer to the receiver, at frequencies around 30 to 70 kHz. 
Table 7.4 gives the same results for these measurements as table 7.2 does for the attenuation 
data. The depth of the array is calculated as a proportion of the separation distance for the 
measurements of array C-12 (ie 4/13 or 6/13 times the total separation distance: ) and is 
used as the separation distance in the fitting routine. The results are similar to those for the 
attenuation data ie the density has to be reduced considerably to give a good fit to the data. 
The increase in attenuation with the rods close to the receiver is reflected as an increase in 
best fit density for both the 4 row and 6 row measurements. which give very similar best fit 
- 227 - 
densities_ The results indicate that. where only part of the propagation path is through an 
array ol* scatterer.. it is valid to input the depth of the array as the separation distance in 
the prediction model. 
Table 7.4 
Rt+ult, (it Iittml; the predictive nadel tu the mraan"cd in. crUun loss for 1rAr1s of array C 12. The moan difference 
I nrd I is calculated for the ae1UAl values of rAdiu% (rad) and density (den) using the measured Separation distance and 
assuming hard cylinders (column 4). fitting; i. then carried n111 by changing both the radius and density (columns 
5 7), or the density (columns R and (4) or radius (1(1 and II) alone, maintaining the measured values for the other 
parameters and assuming hard cylinders. 
Actuel Values Fitting both 
radius and density 
Fitting 
density only 
Fitting 
radius only 
Rows rad depth and rad den and den and rani and 
16 0.001, 0.324 5.4N 0.0076 90 1.85 120 1.87 0.0025 2.29 
49 0.001, 0.321 4. N3 0.0093 100 1.51 170 1.57 0.0034 2.03 
7 12 0.00(, 0.324 4.14 0.0073 160 1.31 210 1.34 0.0038 1.73 
14 0.006 0.210 3.77 0.0066 110 1.09 120 1.10 0.0026 1.32 
5S 0.006 0.210 3.17 0.0097 100 1.37 180 1.40 0.0035 1.58 
9 12 0.006 0.210 2.73 0.0062 200 1.10 210 1.10 0.0038 1.28 
whole 0.000 0.645 11.03 0.0074 100 1.61 130 1.68 0.0027 2.77 
whole 0.006 0.648 10.55 0.0077 1 0() 1.58 130 1.71 0.0027 2.87 
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Chapter 8: Comparisons Between Woodlands, and Conclusions. 
The results presented in Chapters 6 and 7 show that the scattering and ground predic- 
Live models provide a useful means of quantifying and explaining differences within and 
between different stands and measurements made at different distances. In this, concluding. 
chapter therefore the results of' comparing the models with the various predictions will be 
used to make such comparisons. The possible applications of the knowledge gained from this 
study will be discussed and useful further work suggested. 
8.1 Ground Effcct. 
The mean difference between the measured and predicted attenuation spectra for 
ground effect. have been used extensively in chapter 6 to describe the low frequency 
attenuation results in terms of one or two variables. A complete set of best fit results from 
all the measurements presented in chapter 6 are given in appendix C and analysis of these 
results will be used in this section to draw conclusions concerning the fitting of the ground 
effect models to the measurements. The mean difference value indicates the 'goodness of fit' 
as it is a calculation of the mean value of the difference (in decibels) between the measured 
and predicted spectra at each of the frequencies. Figures 8.1 to 8.8 are examples of comparis- 
ons between measured and predicted spectra using best fit parameters giving a range of mean 
difference values (details in the figure captions). The predictions giving the lowest mean 
difference value can be seen to give a better fit to the measurement. In all these figures the 
location of the low frequency peak is well represented by the prediction, particularly the 
first, major, peak. The location of the smaller 'lobes' of this peak do not coincide in all the 
graphs (eg. figure 8.3) but are generally only slightly different. this is due to slight 
differences in the location of the reference microphone. as discussed in section 4.3. 
In the more distant of the measurements illustrated here the magnitude of the first 
peak tends to be overpredicted. the results presented in appendix C. do not, however, show 
any clear relationship between the mean difference or best fit parameters, and distance ie. 
the result of fitting to a measurement at 96m is as likely to give a particular value of 
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effective flo\v resistivity or of' Ineiln S(ILlare aN one at l2m. This indicate.,; that effects such as 
scattering hY vegetation or turbulence or the reFraction ol' the sound waves are unlikely to 
have ififlUenced the low 1'requency propagation significantly since any of these effects would 
be expected to have a greater influence at longer distances. This observation also has imPlica- 
tions l'or tile deduction of' the ground parameters 1'rom measurements over the ground. 
Glaretas (1981) and Attenborough and fiess (19S5) have Nuggested that measurement.,; of 
propagation over short distances. (3 to 15m) expressed a% a level difference between two 
vertically separated microphones could be used to deduce the acoustic impedance of a 
ground surl'ace. The results of' this study show that a wider range of distances could be 
employed to give a measurement of tile impedance. Measurements made over longer dis- 
tances would appear to be more relevant in the deduction of ground parameters for predict- 
ing long range propagation. as they are likely to give a mean value over the relatively large 
area of ground reflection. Small scale sampling employed in techniques such as the inclined 
track and impedance tube methods of measuring impedance are likely to vary somewhat 
from place to place within an area, so a large number of measurements would be required to 
gain such an , The mixed stand at Ilazelborough Wood, for example. has two distinct average. 
soil types. under the oak and and under the spruce trees, the best fit results do not vary 
greatly so the results obtained appear to represent a mean value of effective flow resistivity 
for the stand as a whole. 
Figures 8.1 and 8.2 illustrate the degradation of the interference patterns with dis- 
tance, in the high frequencies. The 12m measurement has a series of small peaks and dips. 
some of which coincide in location with the predicted pattern, the longer distance measure- 
ments. however. do not reflect the peaks and dips of the predicted interference patterns. 
This indicates that scattering by turbulence and vegetation removes the interference effects, 
at high frequencies. The fitting procedure was carried out at frequencies from 10011z to 
I kIlz in recognition of the fact that observed ground interference effects are a low frequency 
phenomenon only. 
The discrepancy in the magnitude of the first peak in the longer distance measurements 
cannot be accounted for solely by the ground prediction models used in this study. since the 
predictions illustrated are the best fit values for all four models. and the best fit values 
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From all the niodels give very similar predicted spectra (See figure.,; 8.2 and 8.0) and there- 
fore similar value-; of mean difference. Fitting the Spectrum 01' figure 8.2 over a more limited 
frequency range (up to only 40011z) was carried out to investigate whether this Would pro- 
duce it better fit 1)ut this did not give a significantly different result, demonstrating that the 
low frequency peak is adequately fitted by using the frequency range up to MHz despite the 
fact that the mean difference is affected more by the Second part of the low frequency peak 
(about 40011z to 100011z) than the main peak since there are more point,, in this region. For 
example the layered model prediction of figure 8.6 is closer to the measured spectra than the 
other two predictions in the main low frequency peak. but it gives a higher mean difference 
value when fitted up to 1kIIz. 
Since the location of the peak. rather than its magnitude. is altered by altering the 
input Parameters. and the rigid backed layer and variable porosity models tend to increase 
the height of' the peak over that of the hornogeneous model at a given location. it seems 
unlikely that an improved fit could be found. for the data which is over-predicted, using 
any of' these one- and two-parameter approximations. It is possible that more accurate 
impedance models such as those outlined in chapter 4 would give a better fit to some of the 
data. The local reaction assumption is generally less valid for surfaces with a low impedance 
and at grazing incidence. so it is likely that the local reaction inherent in tile propagation 
model is not appropriate at longer distances over the soft surface of tile woodland. floors. 
The propagation model used has not been rigorously tested for soft surfaces such as wood- 
land floors since most studies of outdoor ground propagation in which the model has been 
used have been concerned with grassland or harder surfaces. 
Figures 8.9 and 8.10 are the result of using the extended reaction assumption (as 
implemented by subroutine EXTEND in Appendix A) for the prediction of attenuation over 
a ground surface, compared with the measurements illustrated in figures 8.2 and 8.4. and 
the best fit local reaction prediction for the Delany and Bazley model. The best fit flow resis- 
tivity for the extended reaction is considerably lower than that for tile local reaction. It is 
evident that the extended reaction gives a considerably better fit to the measurement of 
figure 8.9 by reducing the magnitude ol* the low frequency peak. The local reaction predic- 
tion of figure 8.10 also overpredicts the attenuation but the extended reaction underpredicts 
-23ti- 
the attenuation of' the low 1'requency peak. It is possible. therefore, that the extended reac- 
tion assumption may give an improved prediction of the impedance of woodland soils, in 
some ca,, cs. 
The best fit results such as those illustrated in figures N. 1 to 8.8 are simply individual 
results for single measurements. The most common value obtained in a set of measurements. 
01' the Meall Value Could give IIII appropriate overall description the woodland soil in terms 
of the ground parameters. The mean value and scatter about the mean are used in analysis 
in this chapter, and chapter 6. because most sets of results from a single day have a rela- 
tively small scatter about the mean. so the mean values are generally not very different to 
the individual results, also an effective statistical test (T-test) can be used to compare mean 
va I ties. 
Table 8.1 shows the results of pairwise t-test comparisons between the mean best-fit 
ground parameters of measurements of each of the days described in detail in chapter 6. It is 
evident that if all the values for all the days from each wood are compared there is no 
significant difference between the means. The overall mean values of effective flow resis- 
tivity from each wood. for the homogeneous approximation, are all between 63,000 and 
69.000 mks rayls and for the Delany and Bazley Model between 37,000 and 44,000 mks 
rayls. There are. however. significant differences between certain of the sets of data. All the 
reported mean values for the Delany and Bazley model in table 8.1 are between 20,000 and 
68,000 mks rayls. this is within the range of previously published results as quoted in table 
2.2. 
The results from Ilazelborough wood were shown in Chapter 6.2 to separate into two 
groups, with different ground parameters. these are thought to represent 'wet' and 'dry' 
ground conditions. As indicated in table 8.1 the means- from both of these groups were 
significantly different (at the 0.1% level ) from the mean values at the other two sites. The 
mean for the dry (lays being significantly lower and the wet days significantly higher, than 
those of the other two woods. This result is also shown in the levels of significance for the 
individual clays. Most of the days' data from Ilazelborough Wood is statistically 
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Table 8.1: T-tcst comparisons bctweeii best fit values of effective flow resistivity from 
all the experimerttal (lays. 
The percentage levels of' significance of the difference between the t%vo mean. -;. are given for 
the best fit parameters to the hornogeneOLIs approximation an(] where the level of significance 
is different for the Delany and Bazley model it footnote is made to this effect. NS indicates 
that the means are not significantly different at the 511o level. The mean values are given in 
column 2, that for the homogeneous approximation above that for the Delany and Bazley 
model. 
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Footnotes; I 
for the Delany and Bazley mmiel all the values of (Tr are NOW ie. there is no deviation from the mean. 
Delany and Bazley result is 5% 
t Delany and Razley result is 1% 
Dclany and flazley result is 0.1% 
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Sigilifica"IlY different from 'most of' the (lays from other woods: the main exception being 
the values, from \Vetleys Wootl on 28/7/N3. The values I*roin 28/7/83 are similar to the 
values obtained on each of* the (fry (lays ( 10/8/83.5/7/84 and 9/8/84). This is tile MeaSUre- 
nient of' 'undiNturbed' mature l'orest floor macle during the same (fry spell as those of 
10/S/N3. This result suggests tliat there is. in ['act, little difference in the acoustic properties 
of' the two soils in the same, undisturbed. dry condition. The other two measurements from 
Wetleys Wood have a higher VillUe than the (fry measurements but it significantly lower 
value than the wet measurements at Ilazelborough Wood. As discussed in chapter 6.3, the 
difference between days at Wetleys Wood is probably clue to the disturbance of tile soil by 
logging operations and also to moisture content. 
The values of mean difference given in the summary tables in chapter 6 are generally 
higher in the measurements from Bucknell Wood than the other two woodlands. Taking the 
mean values of all the values of mean difference from these tables the overall mean 
-difference (homogeneous model) for I lazelborough Wood is 3.11, for Wetleys Wood 3.20. 
and for Ilucknell Wood this value is 5.19. There does. however. appear to be some difference 
between the results from the two measuring tracks. From appendix C3 the mean of the 
mean difference value is 6.51 for track G but only 4.21 for track 1. Figures 8.7 and 8.8 
show typical examples of the difference between the measured and predicted attenuation for 
this stand. In the low frequency part (40011z to 100011z) of figures 8.7 and 8.8 the predic- 
tions are consistently lower than the measured spectra. especially for the measurement at 
G40, this is due to the trees absorbing or scattering sound within this frequency range. This 
stand is alone. among those measured. in having the ground-fitting, up to lkllz. significantly 
corrupted by the presence of the trees. The fitting routine does, however give a best fit value 
which predicts a peak in attenuation at the same frequency as the measurement, this indi- 
cates that the best fit value is appropriate for the ground surface even with a high value of 
mean difference. The magnitude of the difference betwen the measurement and prediction 
generally increases with frequency. The discussion, in chapter-6; of -the results of attenua- 
tion from Bucknell Wood indicated that the dense belts of Red Cedar caused considerable 
attenuation, this being greater in track G in which the sound passed through a greater dis- 
tance of' this type of material than track F. this is reflected even in the low frequency part 
of* the measurements. 
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Measured attenuation from Wetleys Wood 28/7/83; 
Separation distance 96m, A track. 1.2m microphone height. 
Delany and Bazley cre - 22.000 mks rayls, Local reaction. 
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Figure B. 10 
Measured attenuation from Hazelborough Wood 9/8/84; 
Separation distance 48m. H track. 1.2m microphone height. 
Delany and Bazley oe = 20.000 mks rayls. Local reaction. 
OQlany and Bazley tre = 6.000 mks rayls. Extended Reaction. 
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8.2 Ifigh Frequency Attenuation. 
Various models were introduced in chapters 2 and 5 which have been suggested as 0 
appropriate formulae for predicting attenuation through woodland. It is evident from the 
above discussions that these are only required for prediction in the high frequency part or 
the attenuation measurements presented in chapter 6. The mean high frequency attenuation 
of' the various woodland%. in terms of dil per 241n, will therefore be used in comparison 
with these models. (the summer measurement for Ilazelborough Wood excludes the data 
from 10/8/83 since this is rather different from the other summer measurements) these 
attenuation spectra are illustrated in figure 8.11. It is evident that the high frequency 
attenuation is considerably greater in Ducknell Wood than the other two woodlands with 
the result from Wetleys Wood being between the winter and summer measurements of 
Ilazelborough Wood. 
The paper by Aylor (1972) proposes two models, to account for the attenuation of 
sound by foliage. The first is also described by Yamada et A (1977) and gives an attenua- 
tion which is proportional to the square root of frequency, while in the second the attenua- 
tion increases by 6dl3 per doubling of frequency ie attenuation is proportional to 20 
logl()(f ). Aylor states that the measured data has the frequency dependence of the latter, 
and therefore that this is the more appropriate. Figures 8.12 to 8.14 show that this fre- 
quency dependence is only shown in part of the frequency range of one of the woodlands 
studied. ie that at Bucknell Wood. Aylor proposes a model for attenuation by a single thin 
wall of surface area density S (equation 2.7) which can be written as: 
5 
At = 20 loglo(f 20 logio (8.1) 
1±7Ti 
Thus, from figure 8.12. S for 24m of the transmission path at Bucknell Wood is 0.015, the 
corresponding value of S-for 100ft (to compare with Aylor's -measurements)- is 0.019; this is 
approximately one-third of that suggested by Aylor to give the correct value of attenuation 
at 10011z for a cornfield. Therefore, using S as a measure of 'foliage density'. this stand 
could be considered as one-third of the density of a corn field. It is uncertain how this 
relates to the physical parameters of' the vegetation. Since the other woodlands do not have 
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the correct frequency dependence for this model it is not [%irtiCLJhll-I. V USCfUl in predicting 
tile attenuation of . woodiand in general. 
The model Proposed by Aylor and Yamada et a] gives an attenuation which is propor- 
tional to the square-root of frequency (equation 2.6) thus: 
I/, 
2.16A 7TV 
f 
FL (N. 2) 
ITC-r I 
where 
f= frequency 
A=a constant describing the dimensions an(] shape of the leaf, 
V= the viscosity of air (0.018 kg nz-] s-1) 
p= the density of air (1.2 kg in") 
C= the speed of sound in air (343 nts-') 
L= the distance through the woodland in 
F= the average leaf' area density ?? z-l 
A value of A=2.2 gives Aylor's version of this model. which is described for corn 
leaves. Since the leaves in the woodlands are very different to corn leaves it seenis appropri- 
ate to use the parameter FA to describe a woodland for this model. Thus. using the air 
parameters given in brackets above. equation 8.2 for 24m propagation path (L) reduces to 
A, =0.0328 FA %/T (8.3) 
Figures 8.15 to 8.17 show that the measured data does show a similar frequency 
dependence to this model. Table 8.2 gives the equivalent values of FA from these figures. 
This gives a single parameter by which the attenuation from different stands can be 
compared. for example. it shows that on average. the attenuation in the summer at Ilazel- 
borough Wood is 3.2 times that in the winter so that three-quarters of the observed surnmer 
attenuation can be attributed to the foliage. I'lie young, dense coniferous stand at Buclnell 
Wood is shown to be twice a, eirective in attenuating high frequency sound as the hawthorn 
- 2. iýti -- 
I'ablc 8.2. Approximate values of FA . 
Stand value of X where FA 
A, =X -VT 
BLIcknell Wood 0.17 5AN 
WetleyN Wood 0.05 1.52 
Ilazelborough Wood 
O Os 2.44 (summer) . 
Ilazelborough Wood 0 025 0.70 (winter) . 
brush and oak and spruce trees at Ilazelborough Wood in summer and nearly 3.5 times as 
effective as the older, 'hollower' coniferous stand at Wetleys Wood. This model is. however, 
defined as being for the foliage effect and does not account for attenuation caused by tile 
trunks and branches. The scattering model described by Embleton (1966) as discussed in 
detail in chapter 5 and assessed in the model experiments of chapter 7 will be compared 
with the measured data in the following section. 
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Figure B. 11 
Mean mQasured attenuation (dB per 24m) for the three woodlands. 
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Figure B. 13 
Mean measured attenuation (dB per 24m) for Hazelborough Wood. 
(all summer measurements excQPt 10/8/83) 
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Figure B. 15 
Mean measured attenuation (dB per 24m) for BucknQll Wood. 
---- is sqrt(frequency)*0.17 
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8.3 Implications of the McKlel Experiments for Sound Propagation in Woodland. 
The spread of- the results 1'rom the experiments described in chapter 7 makes detailed 
conclusions uncertain. However, in general terms the results and modification to the scatter- 
ing model are useful in a discussion of' woodland sound propagation. Figures 8.18 and 8.19 
illustrate the validity of' using the mean radius of a mixed array in the modified prediction 
model using radii of the range of" trunk radii observed in the woodland. This is the stra- 
tagem employed in the calculation of the predictions l'or the woodland data. The actual sizes 
of the tree trunks were fairly similar as the experimental sites were even-aged forestry 
stands. 
The predictive model evidently lias implications for the interpretation of the outdoor 
experiment results. Figures 8.20 to 8.23 show the range of values of attenuation per 24m 
obtained from each of the woodlands. compared with the original and modified scattering 
models. The range of measured values illustrated is the maximum and minimum value at 
each frequency of the mean attenuations for each day as illustrated in figures 6.2.22.6.3.14 
and 6.4.9. The predictions use the radius and density obtained from measurements made on 
sample areas. As described in Chapter 5.1. Frank (1976) concluded. from impedance tube s 
measurements, that the surface impedance of trees is high. therefore the rigid cylinder case 
is used in the predictive model. 
It is evident that the modified model under-predicts the observed attenuation at high 
frequencies. The conclusion can therefore be drawn that trunk scattering is not the only fac- 
tor involved in the high frequency attenuation. even for the spruce monoculture. but that 
branches and leaves also contribute. Comparison between the measurements and the predic- 
tions may also elucidate the proportion of attenuation which can be attributed to scattering 
by the trunks. The attenuation from the mixed coniferous stand illustrated in figure 8.23 is 
considerably greater than either of the predictions while some of the attenuation spectra 
from the mixed woodland (particularly the winter measurement) and virtually all the spec- 
tra from the spruce niollOCUlture lie between the two prediction.,;. These results imply that 
the trunk attenuaLion accounts for a considerably larger proportion of the attenuation for 
the spruce monocultUre an(] mixed woodland in winter than for the mixed woodland in 
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summer and that only a verY sniall proportion of the attenuation for the mixed coniferous 
stand can be attributed to scattering by the trunks. This reflects the actual differences 
between the stands since the mixed stand has considerably more undergrowth and foliage 
than the spruce monoculture and the mixed coniferous stand forms an altogether denser 
barrier of' branches and foliage than the other two. 
The model studies also demonstrate that scattering eil'ect% may be significant at fre- 
quencies well below the frequency at which the wavelength is tile same as the diameter of 
the sCatterers. This implies that the mid-frequency attenuation could be caused by scatter- 
ing by trunks and that much high frequency attenuation could be due simply to scattering 
by the smal ler twigs and branches. 
Although the smaller elements of the woods cannot, physically. be considered as con- 
sisting entirely of cylinders, it seems that the model of scattering proposed by U-mbleton 
(1966) could also be used to account for the attenuation observed above that predicted by 
the trunk scattering. The model describes attenuation due to both scattering and viscous 
absorption, the absorption being described in terms of a finite surface impedance of the 
cylinders, as discussed in chapter 5. A version of the fitting routine described in chapter 7 
has been used to fit the sum of the attenuation due to the 'trunk array' and a variable array 
varying two of the parameters: radius, density and the surface impedance (by varying the 
assumed flow resistivity) to the measured mean attenuation spectra (dl3 per 24m) illus- 
trated in figure 8.11. 
The assumption illustrated in figures 8.18 and 8.19 that a 'mean array' (using the 
mean radius and total density of two arrays) rather than the sum of two arrays can be used 
to model an array of mixed radii. only holds for arrays with fairly similar radii and densi- 
ties. 'Figure 8.24 shows the result of taking a mean array where the radii and densities are 
not similar. The two predictions are significantly different, thus to account for attenuation 
by two such different arrays. the arrays must be added together. 
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The fitting routine was first carried out maintaining the rigid cylinder assumption and 
varying the radius and density to obtain the best possible fit. In figures X. 25 to S. 28 the 
measured data are compared with the attenuation calculated from the best fit results from 
this fitting procedure, the input parameters w4ed and mean difference are given in the figure 
caption. %. The two predictions from the individual arrays are shown in figure% 8.25a to 8.28a 
to illu%trate the attenuation contributed to the total from each. The best fit radius for tile 
Wetleys Wood data is small, the density relatively large and the prediction gives a close fit 
to tile data. The Bucknell Wood chita cannot be fitted well to the model using an assumption 
of rigid cylinders. figure 8.28 shows the best fit attainable by adjusting the radius and den- 
sity. Tile predictions for the two arrays are shown in figure 8.28a. It is evident that a high 
density of small rigid scatterers gives the wrong frequency dependence to fit tile data, with 
little attenuation in the lower frequencies and a sharp rise at frequencies above about 5kIIz. 
Figures 8.25 and and 8.26 indicate that the rigid assumption predictions can give a good fit 
to both tile summer and winter measurements from Ilazelborough Wood. The summer 
measurement requiring a larger radius than the winter measurement to account for the 
higher attenuation. 
It is evident that the prediction of scattering alone described by the rigid cylinder case 
is not adequate for explaining the attenuation in the stand at Bucknell Wood, therefore a 
further fitting procedure has been carried out using a small input radius (0.001m) and vary- 
ing the density and surface impedance of the second array (tile *trunk array' is again taken 
as the measured mean radius and 'adjusted density'). Figure 8.29 shows that this procedure 
does produce a considerably better fit to the data for Bucknell Wood since the predicted 
attenuation for the less dense array of softer cylinders is significant at the lower part of the 
frequency range. This result shows that the attenuation at Bucknell Wood can only be 
modelled in this way if the effects of both thermo-viscous absorption and scattering are 
included by assuming non-rigid cylinders. Figures 8.30 to 8.32 show that the data from tile 
other stands can also be fitted using an assumed radius of Imm and a -non-rigid surface. 
there is. however. little difference in the mean difference value obtained using tile rigid or 
non-rigid fitting procedures. 
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COmparimin of' the attenuation caused by the two array% shows that in the Bucknell 
Wood and summer flazelborOLIgh Wood measurements the *trunk attenuation' contributes 
less than the 'small scatterem' attenuation to tile whole. and in the Bucknell Wood result 
the trunk- scattering is insignificant compared to the measured attenuation. The lower 
attenuation of' tile winter and Wetleys Wood measurements is. however. significantly 
affected by the attenuation due to the trunks. these concluqions are broadly similar to those 
reached 1'rom figure-s 8.20 to 8.23. 
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Figure B. 18 
Sum of two arrays of rigid cylinders with densities 0.1 
radii 0.01 and 0.07 
and ( ----- ) single arraý radius=0.04. density=0.2 
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Figure 8.19 
Sum of two arrays of rigid cylinders 
a) density 0.2 radius 0.04 
b) density 0.1 radius 0.08 
and ( ----- ) single arra6 radius=0.053. density=0.3 
separation distance =5m 
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Figure 8.20 
Range of attenuation (dB per 24m) for all Hazelborough Wood 
measurements. With 'trunk scatterinLpredictions. 
-radius=0.045, density=0.267 m asured). 
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Figure 8.21 
Ran Q of attenuation 
excEding winter and 
With 'trunk scatterii 
radius=D. 045, 
radius=O. 045. 
(dG por 24m) for Hazelborough Wood 
10/8/83 measurements. 
ný' predictions. 
ensity=0.267 (measured). 
density=0-1068 (-607-). 
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Figure 8.22 
Range of attenuation (dB per 24m) for all Wetleys Wood 
measurements. With 'trunk scattQriný' predictions. 
-radius=0.059. density=0.303 measured). 
radius=0.059. density=0.1212 (-60%). 
1.00 Frequency (kHz) 10.00 
Figure 8.23 
Range of attenuation (dB per 24m) for all BucknQlI Wood 
measurements. With 'trunk scattQriný', predictions. 
radius=0.066, density=0.181 m asured). 
radius=0.066. density-0.0724 (-60%). 
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Figure 8.24 
Predicted attenuation over 24m using: 
sum of 2 arrays of rigid cylinders 
Oradius 0.059m, density 0.1212. 
Wradius 0.1101. qm. density E30.0. and 
#mean array' radius 0.00199 density 80.1212. 
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Figure 8.25 
Mean measured attenuation (d9 par 24m) for Hazelborough Wood. 
summer measurements. 
is sum of predictions for 2 arrays. Mean diffQrence=0.62dB. 
a) radius=0 . 045. density=0.1068 rigid cylinders and b) radius=0.0131. dQnsity=1.5. rigid cylinders. 
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Figure 8.25a. Prediction For 2 arrjs 
radius=0.045. density-. 1 68 rigid cylinders 
and radius=0.0131. density-I. S. rigid cylinders. 
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Figure 8.26 
Mean measured attenuation 
winter measurements. 
---- is prediction for sui 
2 arrays a) radius=0.045. 
b) radius=0.001. 
(dB per 24m) for Hazelboraugh Wood. 
n of 2 arrays. mean diffQrencQ=0.89. 
density=0.1068 rigid cylinders and 
density=2. rigid cylinders. 
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Figure 13.26a Prediction for 2 arrays 
radius=0.045. density=0.1068 rigid cylinders 
and rodius=0.001. density=2. rigid cylinders 
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Mean measured attenuation (dB per 24m) far Wetleys Wood. 
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Figure 8.27a Prediction for 2 arrays 
radius=0.059. density=0.1212. rigid cylinders 
and radius=0.0019. density=80. rigid cylinders. 
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Mean measured attenuation (d9 per 24m) for Bucknell Wood. 
---- is sum of predictions for 2 arrays. Mean differencQ=6.04d8. 
cýiin a) radius=O 066, density=0.0724 rigi 1' ders and 
b) radius=0.0021 . density=340. rigid cy nders 
I 
/ 
co 
4-) 
41 
-r- 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
-5.00 
I 
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1.00 Frequency (kHz) 10.00 
-265 - 
25.00 
1-ý 
41 
4-1 
-5.00 
25.00 
C13 
0 
4J 
0 
D 
4J 
4J 
-4c 
-5.00 
Figure 8.29 
MQan measured attenuation (dB per 24m) for Bucknall Wood. 
---- is sum of predictions for 2 arrays. Mean diffarencP-=l. 69dB. 
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Figure 8.29a Prediction for 2 arr s 
rodius=0.066. density-1724 rigid cylinders 
and radius=0.001. density=1130. a-Q = 860,000 
1.00 Frequency (kHz) 10.00 
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Figure 8.30 
Mean measured attenuation (dB per 24m) for Hazolbarough Wood. 
summer measurements. 
---- is sum of predictions for 2 arrays. Mean difference=0.92dB. 
a) radius=O . 045, density=0.1068 rigid c6.1inders and b) radius=0.001. density=70, aQ=10,90 000 
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Figure 8.30a Prediction for 2 arrays 
radius=D. {145. density=. 106E3 rigid cylinders 
and radius=O. 001, density-70. or e=1.900.000 
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Mean measured attenuation 
winter measurements. 
---- is prediction for sui 
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Figure E3.31a Prediction for 2 arra s 
radius=0.045. density-MG8 riqld linders 
and radius=0.001. density-4.800. 
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Figure 8.32 
Mean measured attenuation (dB per 24m) for Wetleys Wood. 
is sum of predictions for 2 arrays. Mean dlffQrence=0.84dB- 
a) radius=0.059 density=0.1212 rigid c6linders and 
b) radius=0.001: density=100. a-a - 10.00.000. 
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Figure 13.32a Predictian for 2 arrays 
radlus=0.059 density=0.1212 rigid cylinders 
and radjus=0.001. density=100. CrQ = 10.000.001). 
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8.4 A Combined Prediction of Attenuation in Woodland. 
The two attenuation mechanisms of ground interference and scattering have been 
shown to predict the attenuation of sound in woodland in the low and high frequency 
ranges, respectively. However. to give a useful prediction model for the whole frequency 
range. the two mechanisms must be combined in sonic way. The ground interference effects 
have been shown to have little influence at high frequencies at distances of over 30 to 40m 
or more due to the disruption of the interference patterns by scattering. ]'here is, however. 
no reason to assume, that the scattering effect is not present at low frequencies. The stra- 
tagem employed to combine the two models is, therefore, to add the ground effect attenua- 
tion to that of the scattering model in the low frequencies (Lip to 200011z) while using the 
predictions alone for the higher frequencies. Since the scattering predictions gen- 
erally give a small attenuation at low frequencies such an addition may be effective even 
when the ground prediction alone gives a good fit to the low frequency data. In some experi- 
mental results (for example in figure 8.7) the ground prediction under-predicts the attenua- 
tion at low and mid frequencies so an addition of some low frequency attenuation may 
improve the agreement between the prediction and the measurement. 
Figure 8.33 illustrates the prediction obtained using this *combined model' in com--; 
parison with the measurement of figure 8.7. The same best fit ground parameters are used as 
in figure 8.7 and the scattering parameters used are the best fit parameters for the sum of 
the trunk scattering and the non-rigid small scatterers: (as in figure 8.29). The prediction 
obviously gives a much better fit to the measured data than the ground prediction alone in 
the low and mid frequencies. since the difference noted between the prediction and measure- 
ment of figure 8.7 is compensated for by the scattering prediction. Figure 8.34 shows a simi- 
lar comparison for the data of figure 8.4 at 48m separation in Ilazelborough Wood. the pred- 
iction is again similar to the measured spectrum. Since the scattering prediction is a linear 
function of distance. the addition of the scattering model has a greater effect at longer dis- 
tances giving rise to a possible over-prediction of the low and mid-frequencies at longer dis- 
tances (as in figure 8.41 ). 
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COmparisons between ilie combined prediction model and all the measured data have 
been made by plotting the range of values at each of the separation di, ýtances ( 1.2m micro- 
phone height) with the combined predictions using the mean effective flow resistivity 
(homogeneous approximation) for all the data from a woodland (from appendix C) and the 
best fit scattering parameters. using an input radius of 0.001m and varying the density and 
surface (see figure caption,; ), these comparison% are shown in figure,..,, 8.35 to S. 44. 
In general the prediction is within the range of the measured data. The exceptions being 
mainly at the longer distances (72m and 96m) where the model tends to over-predict the 
low and mid frequency parts. this is due to the fact that at longer distances even the low 
frequency attenuation is significant for the scattering prediction, and this is. in some cases. 
added to an over-prediction by the ground model. The longer distance would. perhaps be 
fitted better by simply using the ground prediction at lower frequencies and the scattering 
prediction for the higlier frequencies, but there is little physical justification for this. Figures 
8.25 and 8.27 , how that the data for Ilazelborough Wood and Wetleys Wood can be 
effectively fitted with a prediction using the rigid cylinder assumption for both arrays, and 
that the two best fit arrays give a lower value of attenuation at lkllz than those using 
non-rigid small cylinders as used above. The parameters from figures 8.25 and 8.27 have 
therefore been compared to the longer distance measurements in figures 8.45 and 8.46 and 
can be -seen to improve the agreement. in the mid-frequencies. over that of figures 8.41 and 
8.44. Although the high frequency part of figure 8.41 is in better agreement with the meas- 
urement than that of figure 8.45 which gives a markedly concave curve in the high frequen- 
cies tending to underpredict the result. It could be argued that the cut-off frequency should 
be lower for the longer distances since there is more likelihood of the waves being scattered 
and therefore the interference patterns being disrupted to a greater extent. Figures 8.47 and 
8.48 show the same comparisons as figures 8.41 and 8.44 but the ground effect model is 
only added up to 80011z. these can be seen to give a good agreement with the measurements. 
The combined model does give the typical spectrum shape'of woodland noted in this 
study, and others. with a low frequency peak, a mid-frequency clip. increasing with fre- 
quency in the high frequency part. In most of the predictions illustrated in figures 8.33 to 
8.48 the mid-frequency dip occur% in approximately the same frequency range as in the 
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meaSUrements, thiN being due to the combined effectN or oe interference pattern and tile 
increasing scattering attenuation. The longer distances, however. require the use of a lower 
. culolf frequency' to obtain a clip in approximately the correct location. The sharp cutoff 
shown in the combined model is not a physical phenomenon but the simplest numerical 
means of' combining the ground and scattering models. Physically. it is more likely that 
there is a gradual transition from the region at which the ground effect can be clearly seen 
and the region at which the scattering is dominant. but it is not, at present. possible to 
define such a transition. The sharl) cutoff does. however. seem to give a good agreement with 
the clata. 
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Figure 8.33 
Measured attenuation from Bucknell Wood 9/7/84; 
Separation distanco 40m G track. 1.2m microphone hi ht Prediction using homogeneous approximation c-Q = 50,00; to 2kHz. 
+ scattering radius= 0.066. density = 0.0724. rigid cylinders 
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Figure 8.34 
MQasured attgnuation from Hazalborough Wood 9/8/84; 
Separation distance 48m. H track, I.. 2m microphone hei ht. 
Prediction using homogeneous approximation cr e- 40.120. to 2kHz. 
+ scattering radius= 0.045. density 0.1068. rigid glinders 
+ radius= 0.001. density 70 . we - 1.90 . 000 
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Figure 8.35 
Range of values for BucknQ11 Wood 12m separation. 
Prediction using homogeneous approximation cr e= 68.000; to 2kHz. 
+ scattering radius= 0.066. density - 0.0724, rigid cylinders 
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Figure 8.36 
Ran e of values for BucknQll Wood 24m separation. 
PreJiction using homogeneous approximation (r a- 68.000. to 2kHz. 
+ scattering radius= 0.066. density = 0.0724. rigid cylinders 
+ radius= 0.001. density - 100 . cr e- 860.000 
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Figure 8.37 
Ran e of values far Bucknell Wood 40m separation. Pr2iction using homogeneous approximation cr e= 68,000; to 2kHz- 
+ scattering radius= 0.066, density = 0.0724. rigid cylinders 
+ radius= 0.1301. density = 100 . We = 860,000 
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Figure 8.38 
Range of values for Wetleys Wood 32m separation. 
Prediction using homogeneous approximation cr Q= 6B. 000. to 2kHz. 
+ scattering radius- 0.059, densJty = 0.1212. rigid Vinders 
+ radius= 0.001. density = 100 . is- Q= Ia. 
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Figure 8.39 
Ran e of values for Wetleys Wood 24m separation. 
Pregiction using hamogQneous approximation cr e- 68.000; to 2kHz. 
+ scattering radius= 0.059, density = 0.1212. rigid Vinders 
+ radius= 0.001. density - 100 . cr a- 10.00.000 
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Figure 8.40 
Ran o of values for Wetleys Wood 48m separation. 
PreJ i ct i on us i ng homogeneous approx i mat i an a- e- 68.000.. to 21-, Hz. 
+ scattering radius= 0.059 density = 0.1212. rigid cQinders 
+ radius= 0.001: density = 100 . Cr Q- 10.00,00(] 
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Figure B. 41 
Ran e of values for Wetleys Wood 96m separation. 
Prejiction using homogeneous approximation a-Q = 68.000. to 2kHz. 
+ scattering radius- 0.059. density = 0.1212. rigid c6linders 
+ radius= 0.001. density = 100 . tr Q= 10.00.000 
Figure 8.42 
Ran e of values for HazQlbor, 
Preliction using homogeneous 
+ scattering radius= 0.045. 
+ radius= 0.001. 
v 
ough Wood 24m separation. 
approximation we = 63.1100. - to 2kHz. 
density = 0.1068. rigid c linders 
density = 70 . or e=1,9ROOO 
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Figure 8.43 
Ran e of values for Hazelborough Wood 48m separation. 
PreJiction using homogeneous approximation cr Q- 63.000. to 2kHz. 
+ scattering radius= 0.045, density = 0.1068, rigid cylinders 
+ radius= 0.001. density = 70 cr e=1.900.00 
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Figure 8.44 
Range of values for HazGlborough Wood 72m separation. 
Prediction using homogeneous approximation wo - 63.000; to 2kHz. 
+ scattering radius= 0.045. density - 0.1068. rigid glinders 
+ radius= 0.001. density - 70 . Cr Q -4 1.90 . 13[)[] 
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Figure 8.45 
Ran a of values for Wetleys Wood 96m separation. 
Pr2iction using homogeneous approximation cre = 68,000. to 2kHz. 
+ scattering radius= 0.059. density 0.1212, rigid c linders 
+ radius= 0.0019. density 80 rigid cyTinders 
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Figure 8.46 
Ran Q of values for Hazelborough Wood 72m separation. 
PreJiction using homogeneous approximation cre = 63.000; to 2kHz. 
+ scattering radius= 0.045. density 0.1068. r! id cylinders 
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,. RGr, e cf vc]uQs for Wetleys Wood 96m separation. 
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8.5 Practical Applications or the Results of This Study. 
The combination of' the ground and scattering models as described above provides the 
basis of a prediction scheme which could be used to determine the likely effect of an exist- 
ing. or planned, area of woodland on the transmission of sound with any frequency distri- 
bution. for planning purposes. acoustic ranging etc. The model illustrated in comparison 
with the attenuation measurement% can easily be adapted to give predictions of excess 
attenuation, the measurement most often msed in studies of outdoor sound propagation. All 
three parameters of the second array were altered in section N. 3 to obtain a good fit to the 
attenuation data but it seems that a good fit to all of the data could be obtained by main- 
taining a radius of 0.001m and a density of 100 stems/m 2 and altering the input surface 
impedance according to the foliage density. Figures 8.49 and 8.50 illustrate model predic- 
tions of excess attenuation using the range of values of surface impedance (cr, ), of the small 
arrays, obtained in the fitting routines. The ground model uses the mean value of a, for all 
the woodlands (68.000 mks rayls). Graphs such as these could be used directly to estimate 
excess attenuation by classifying the woodland as 'dense* (zone a), *less dense' (zone b) and 
. open' (zone c). A requirement for the use of this prediction would be that tile floor of the 
woodland is of an undisturbed woodland floor type, ie. with a litter layer of uncompacted 
leaves. 
Kragh et al. (1982) described a prediction scheme which accounts for the attenuation 
of sound by woodland (see chapter 2) and also that caused by a soft ground. The result of 
calculating the sum of these two factors for 50m and 100m of woodland is illustrated in 
figures 8.51 and 8.52. The ISO working group number 24 (ISO 1986) propose a similar 
model, the result of this scheme is also illustrated. The two schemes apply the same correc- 
tion factor for woodland attenuation for each third-octave above 25011z, but the ISO scheme 
allows only one such correction for each belt of woodland whereas the Kragh et al. scheme 
adds this factor for each 50m of woodland present. The ISO scheme. however. has an addi- 
tional factor of ldil/100m at 4kilz and 5dl3/100m at 8kliz, thus the t\ýo schemes account 
for increased attenuation with distance, but in different ways. Both schemes state that the 
vegetation sliould be dense but do not distinguish between woodlan(N of different densities. 
Both prediction schemes Underestimate the attenuation measured in this study. even that in 
2NI -- 
the least dense woodlan(IN. 
To predict the attenuation through a substantial belt of trees with a well-developed 
of dense undergrowth, the scattering model calculated for the width of the belt 
could be added in the same way to a prediction or attenuation calculated either using the 
ground parameters appropriate to the surrounding terrain. or, perhaps. a model of sound 
propagation over mixed impedance.,; such as those presented by lleap(1982) to account for 
the different ground impedances, under the trees and on the surrounding terrain. 
The use of -sound to determine vegetation density is an attractive idea since it could be 
a convenient. non-destructive means of sampling woodland density. The analysis of the 
results at Bucknell Wood on 2nd July 1985 illustrates some of the limitations to using 
broad-band attenuation measurements for such a purpose. The shorter distance measure- 
ments are evidently greatly affected by the ground interference effects, therefore little infor- 
niation about the attenuation due to other woodland elements can be gained. so small scale 
differences in vegetation cannot be asses.,.; ed. 
Section 6.3 describes some results. from Wetleys: Wood, in which the interference Pat- 
terns can still be determined at 48m. separation. in the mid-frequencies. whereas- in the 
measurements described from Bucknell Wood. 26m, is considered to be sufficient distance to 
eliminate the interference effects. This phenomenon is related to the disruption of the 
interference patterns by scattering, thus the scattering effects are considerably greater in the 
dense. mixed coniferous wood than the more open spruce monoculture. The loss Of the 
interference peaks in the high frequencies could also prove to be a useful indicator of the 
density of the stand. It should. however. be noted that the loss of these peaks is likely to be 
affected by turbulence effects which would be greater in the more open. dense. mixed coni- 
ferous stand than under the closed canopy of the spruce monoculture. 
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Figure 8.49 
ExcQss attenuation at 50m, source and 
Prediction using homogeneous approxim 
" scattering radius= 0.057. density 
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Figure 8.50 
Excess attenuation at 100m. source and receiver height 1.2m. 
Prediction input parameters as in figure 8.46. 
The ground model prediction is only used to BOOHz. 
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Figure 8.52 
Excess attenuation at 100m, as In figure B. 50. 
0 Prediction from Krogh et al (1982) 
v Prediction from ISO (1986). 
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8.6 Suggestions for Further Work. 
Further model experiments could U. NefUlly be carried out using a larger array and more 
microphone location,,; as this would give an overall view of the attenuation. Any prediction 
of the type presented here must represent an average over a more extensive line of closer 
receiver locations since there is no consideration of' the interference peaks and dips which are 
still observed in the mean values 01' the four locations used. Other predictive models could 
be assessed in the same way and modifications made to account for the distribution of 
different diameter cylinders within a wood. 
This study has demonstrated that the mechanisms of ground interference and absorp- 
tion. and scattering and absorption by the trunks, foliage and branches affect the acoustical 
properties of woodland. and that the proportion of the high frequency attenuation attribut- 
able to each of these effects depends on the types, and density of trees present. The 
difficulties of relating measured attenuation to physical and cultural parameters of wood- 
lands has been pointed out by many researchers. Bperiments designed to elucidate ways in 
which physical parameters of trees can be measured and related to their acoustical properties 
would therefore be adý, antageous in studies of sound propagation in woodland. These could 
take the form of measurements through smaller stands which could be effectively sampled 
for measurements of total biomass and the distribution of different sized elements, a stand 
such as a coppice could provide such an opportunity. 
Experiments to determine the frequency range at which interference effects can be 
observed, and the extent to which they affect the attenuation, in various woodland situa- 
tions, would be useful in the further development of the proposed prediction model. Such 
information could be used to determine the appropriate cutoff frequency for the combined 
prediction and the way in which the predictions could be combined to give a more realistic 
spectrum, without the sharp step in the mid-f requencies. 
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APPENDIX A: i., oR, rRAN Source Code for Programs Referred to in the Text. 
A. 1 Routines for Analysis of Experimcntal Data. 
Program DlF2MK 
program to calculate field at two microphones in (III 
and difference between them. 
character*35 ifilcl. ifile2, olilet, ofile2. iiiiI 
dimension (if(400.4), tlii(400.4)., iii(250)., if'(250). (]I)ii(250). tit)i'(250) 
dimenNion (liff(250). I'r(250) 
coninion/lieii(i/i(litt(3), itiiii(3). ý, ii. rli. s(i. i-iiiii. riii(i, iiiv 
coni nion/lie(12 /fsa. ga. a ni k,.;. 1'sb, gb. bm k% C, 
type*. 'Run difin first* 
type*. 'input filename containing input data. (frorn DIFIN)' 
read(5.2)infl 
infi=*d ifin. dat' 
iclii=10 
open(un it=l O. name=infl, type='old 
c 
c Read in data and put data required for analysis into arrays. 
c i. e. 216 points. every point from 10011z to IkIlz (251 lz apart) 
c and every other point from 1050liz to 10ki lz (5011z apart) 
type*. *fir. %t (near) microplione data filenarneT 
read(ichi 2)ifilel 
ifilel='[Iieap-niargaret. (ill*//iflieI 
type*, 'nicolet channel? A=l 11=2* 
read(ichi . *)ichn 
type*, ' sound level meter used? I=old. 2=new O-none' 
read(ichi . *)islmn 
call slmset(ichi. isimn. vrefn. attn, itrn) 
type*. 
type*, 'islmn='. islmn. ' vrefn='. vrefn, * attn='. attn. * itrn-*. itrn 
type*. 'second (far) microphone data filenameT 
read(ichi. 2)ifile2 
ifile2='[heap. margaret. d I ]*//ifile2 
type*. *channel? A-1. B-2* 
read(ichi. *)ichf 
type*. *sound level meter used? I-old. 2-new O-none' 
read(ichi. *)islmf 
call slmset(ichi. islmf. vreff. attf. itrf) 
type*. *islmf=*. islmf. *vreff-*. vreff. * attf-', attf. ' itrf-*. itrf 
type*. *output file for d13 differenceT 
readGchi. 2)ofi lel 
tYpe*. *output file (113 at microphones' 
read(ichi. 2)ofile2 
ofileI='[heap. margaret. d I 17/ofilei 
ofile2='[heap. nmrgaret. d I ]*//olile2 
format(a) 
open( unit=2. n a me=ifilc I tyl-, e='o Idl 
0 ]-)ell( Unit=3. n a me=ol'i IeI aype='new') 
open( Ljtiit=4, ti a me=ori I e2. type=*new') 
call rd(lat 
gainn=ga 
if(iclin. e(I. 2) gainn=gl) 
rea(1(2,40)(((Iii(j. k), k=1.4), j=1.400) 
40 foriiiat(lx, 4elO. 3) 
clo. Ne(unit=2) 
C set up arrays for near microphone data anti frequencies. 
jk2=4 
freq=75.0 
do 45 k2=1.216 
if(k2. gt. 37)goto 40 
f req =f req +25 
jk2=jk2+1 
fr(k2)=freq 
goto 47 
46 freq=freq+50 
jk2=jk2+2 
f r(k2)=f req 
47 an(k2)=d n(jk2, ichn) 
45 continue 
open(un it-2. n a me=ifi le2. type=*ol d') 
call rddat 
gainf-ga 
if(ichf. eq. 2) gainf-gb 
read (2.5 OX(d f (j, k). k = 1.4). j= 1 . 400) 50 forniatO x. 4el 0.3) 
close(unit-2) 
c set up array for far microphone data 
jk3=4 
do 55 k3-1.216 
if(k3. gt. 37)goto 56 
jk3=jk3+1 
goto 57 
56 jk3=jk3+2 
57 af(k3)=df(jk3. ichf) 
55 continue 
Input required parameters for corrections for free field 
atmospheric absorption. 
type*. 'correction for free field and atmos. absT 
type*. ' ye. s=l' 
read(ichi, *)ifaa 
if(il'aame. I )ooto 00 C, 
tyl-, e*, I input reference then test distances' 
read(ichi . *)ri-. tr 
type*, 'input relauve humidity then temperature' 
read(ichi, * )arh, at 
c 
c Use data to calculate field at microphones first adjusting 
c data for gain of tape recorder and S. L. M. 
c 
60 prel'=2.000e-05 
c sprn=0.0 
c sprf=0.0 
do 200 j=1.216 
fre=fr(j) 
C Adjust for gain on nagra tape recorder. 
if(itrn. ne. 0) an(j)=an(j)*gainn 
if(itrf. ne. 0) af(j)=af(j)*gainf 
c convert from volts to dil 
d bn(j)=a tt n+2 0* a log I 0(an(j)/vrefn) 
dbf(j)=attf +20* a log I 0(al'(j)/vreff ) 
(I ifl'(j)=d bn(j)-d bf (j) 
Correct for free field and atmospheric absorption. 
if(ifaa. ne. 1) goto 90 
call corffaa(fre. rr. tr. at, arli. ffaa) 
diff(j)=diff(j)-ffaa 
c Write data to files. 
90 write(3,100)alogIO(fre). diff (j) 
100 format(lx. 3f 12.6) 
write(4,150)alogIO(f re), dbn(j). dbf(j) 
150 format(lx. 3f 12.6) 
200 continue 
stop 
end 
Subroutine sliiiset(iciti, islili, vi-cfatt, iti-) 
lypc*Aapc recorder used? ulier=0' 
rea d( ichi, * )it r 
lyj-, e*, 'tajv recorder output voltage (if' calibration ione? * 
read(ichi, * )vo 
il'(itr. c(1.0) goto 10 
type*. 'at tape attenuator setting? ' cl 
read(ichi. * )Lalt 
gain=10**(tatt/20. ) 
vi=vo*gain 
10 if(itr. eq. O)vi=vo 
type*. "Vi='. Vi 
type*. 'calibrator used? 124dl3=1,94dB=2' 
read(ichi. * )ica I 
type*. 'ica l=%ica I 
if(ical. eq. I )vrel'=vi/( 10**0.2) 
iJ7(ical. eq. 2)vref=vi/( 10**-1.3) 
if(isini. eq. 2) goto 310 
if(islm. eq. O)gotci 320 
type*, ' slm attenuator setting for measurement? ' 
readOchi, *)att 
return 
310 type*. *slm scale used for measurementT 
type*. ' lower - 25 to 105 V 
type*, * middle - 45 to 125 2' 
type*. ' upper - 65 to 145 3' 
310 read(ichi. *)att 
if(att-eq. 1) vref=vref*100. 
if(att. eq. 2) vref=vref*10. 
att=120 
return 
320 att=120 
return 
end 
Subroutines for the calculation ofatmosplicric absorption. 
Subroutine Corffaa(fi-eq, i-r, tr, at, arli, fl'. ta) 
c subroutine to Calculate the correction for free field and 
c atmospheric absorption for Lite difference between two 
c microphones at di. stances rr and tr 
ap=l 
call preit(at. al-). arli. I'O, cO. IiO. cv) 
fl'=20*alool0(Lr/rr) 0 
call atiiio.,, (fre(l, al). at. liO. cO, fO. ai) 
ffaa=n-+(ir-rr)*aa 
return 
end 
Subroutine Preat(at, aparh, fO, cO, hO, cv) 
c 
c routine to calculate constants for air absorption 
C 
tk=273.15+at 
a=20.5318-2939. /tk 
b=l. /(tk**4.922) 
hO=(arh/ap)*b*( 10. **a) 
fO=30500. *ap*(IiO** 1.3) 
cO=4.2425e-6+8.8168e-8*at+5.4834e-I O*at*at 
cv=331.55*Nqrt( 1. +at/273.15) 
return 
end 
subroutine atmos(f, ap, athO, cO, f O, aa) 
c 
c routine to calculate air absorption 
c 
amo=2. *cO*(f/(f/fO+fO/f)) 
bl=1.7e-8/sqrt(l. +3.66e-3*at) 
b2=hO*ap*f*f/(2.77e-5*f*f+hO*hO*ap*ap) 
amn=bl*b2 
amc=3.6e-I 1*(l. +I. e-3*at)*f*f/ap 
aa=(amo+amn+amc)*4.343 
return 
end 
program DIF2XIKFIT 
c Program to fit level dillerence with Keith*% two parameter nlodel., ý 
c (variahle porosity. rigid backed layer or homogencOLIN) Or With 
c Delaney and Hazely homogeneous model. 
c Fit.,; to file.,; of 10011z to 100011z in 251lz spacing (or first il 
c poinis) Corrects for free field and atmospheric absorption. 
c 
common/ch I /kO. pi. j 
Complex pln. l-)11', j, kl, zr. t)etýi. ptotii, l-itoti', zl, zll 
cliaracter*35 ilile. ifilel 
dimension amea%(2 16.2) 
real kO 
pi=3.14 1592653 
topi=2* pi 
j=((). 0,1. ()) 
I type* , interactive or from clf2. dat? interactive=l' 
accept*, int 
if(int. eq. 1 )ichi=5 
if(int. ne. l)ichi=2 
if(int. ne. l)open(unit=2. name=*dif2. clat'. type=*old') 
c 
if(int. eq. l)type*. *output fileT 
read Gcli i. 2)ifi lel 
5 if(int. eq. I )type*, *input filename for measured data 
read(ichi. 2)ifi le 
if0nt. eq. 1)type*. 'number of points u,. c; ed? * 
read0chi. * )il 
2 format(a) 
open( un it=3. na me=ifi lel, tyl-)e='new') 
open( unit= I. nanie=i fi le. type='old*) 
reacl(l, * )((ameas0. k), k=l, 2), l=I. il) 
close(unit=l) 
c Enter geometry of the system 
if(int. eqA)type*, 'geornetry for near microphone' 
if(int. eq. I)type*. 'source lit. receiver ht. separation distance' 
read Oc h i. * )hs. lirn. rn 
if(int. eq. l)type*. 'geometry for far microphone' 
if(int. eq. I)type*. 'source ht. receiver ht. separation distance' 
read(ichi. *)hs. hrf. rf 
ff=20*alogIO(rf/rn) 
if(int. eq. l)type*. *correct for atmospheric absorption yes=l? * 
read(ichi. *)icorr 
if(icorr. ne. l)goto 7 
if(int. eq. I)type*, *relative humidity and ternperatureT 
read(ichi, *)arh, at 
if(int. eq. l)type*, 'Model Required? ' 
if(int. eq. l)type*. 'Keiths homogeneous= I* 
if (int. eq. I) type*. 'DS-, l3 homogeneO LIS =2' 
if(int. eq. I )type*. *Variable porosity = 3' 
if(int. eq. l)type*. 'rigid-backed layer = 4* 
if(int. eq. 1 )type*. 'freq. dependent R131. = 5' 
read(iclii. *)im 
if(int. eq. I )type*. ' first flow resistivity. and increment? ' 
reatl( ic h I. * A r. fillic 
tllr=llr 
i 1'( i m. ge. 3 ) gol o 10 
goto 15 
c 
10 its=20 
Mirn. ne. 3)goto 20 
if'Ont. eq. 1 )type*, *fir.,; t all-ilia and incrementT 
read0chi. *)de. dinc 
td=de 
goto 15 
20 if(int. eq- 1 )type*, 'first depth and increment' 
reaclOcIii, * )de, dinc 
Itl=de 
goto 15 
c 
15 in=O 
i4cl=o 
snial 1= 1000.0 
c 
50 sumsq=0.0 
do 100 il=I. iI 
fr=10**anieasG1,0 
aa=O 
if(icorr. eq. 1 kall coriTaa(fr. rn, rf, at. arh. ffaa) 
if(icorr. eq. l)aa=ffaa-ff 
amd=ameas(il. 2) 
om=topi*fr 
kO=om/343 
il'(ini-eq. 1 kall vpzr(fr, flr. O. zr) 
if(ini. eq. 2)call (Jbzr(fr. flr, zr) 
if(im. eq. 3)call vpzr(fr. flr. de. zr) 
if(ini. eq. 4)call rblzr(fr. flr. de. zr) 
if(im. eq. 5)call fdrblzr(fr, flr. de, zr) 
beta= 1 /zr 
call chenl(h,;. hrn. rn. beta. pln. ptotn. apln. aptotn) 
cn=20*alogIO(aptotn/apln) 
call chenl(lis. hrf. rf, beta. plf, ptotf. aplf. aptotf) 
cf=20*alogIO(aptotf/aplf) 
pred=cn-cf-aa 
sumsq--sumsq+(amd-pred)**2 
100 continue 
sumsq=sumsq/il 
if(sumsq. gt. small) goto 70 
if (sumsq. eq. small) goto 75 
if(sumsq-1t. small) goto 80 
75 write(3. *). *sumsq='. sumsq. ' de=', de. ' flr-'. flr 
goto 70 
SO sniall=surýisq 
sniilr=flr 
snl(j=de 
70 id=id+l 
de=de+dinc 
goto 50 
00 iii=iil-f 1 
de=ttl 
id=O 
if(in. lt. 20) goto 50 
if' model 5 is being used check whether the best fit value is in I-act 
it semi infinite caNe. 
if(im. ne. 5)goto 150 
ffr=10**aniea.,, (I. I) 
call rdrblzr(ffr. snAr, smd, zl) 
call vpzr(ffr, smflr, O, zll) 
test=reaI(zl)-real(zI1) 
atest=abs(te.,; t) 
150 write(3. *)' * 
write(3,910)ifile 
write(3, *)il. ' points' 
write(3. *)* smallest mean squared difference=%small 
write(3. *)' 
if(im-eq. l)goto 901 
if(ini. eq. 2)goto 902 
if(im. eq. 3)goto 903 
il'Oni. eq. 4)goto 904 
if(ini. eq. 5)goto 905 
901 write(3.80o)smflr 
write(3.810)tflr, flr-finc, finc 
goto 999 
902 write(3.820)sniflr 
write(3.810)tflr, flr-finc. finc 
goto 999 
903 write(3.840)smflr. smd 
write(3,810)tflr, flr-finc. finc 
write(3,860)td. dl-dinc. dinc 
goto 999 
904 write(3.880)smflr. smd 
write(3.8 IO)tflr. flr-finc. finc 
write(3.890)td, di-dinc. dinc 
goto 999 
905 write(3.881)smflr, smd 
write(3.810)tflr. flr-finc. finc 
write(3.890)td. dl-dinc. dinc 
if(atest. le. I. O)write(3,891) 
goto 999 
999 write(3A)* --- 
write(3. *)* 
if Gnt. eq. I) ty pe*, *ANOTI IE R? 
if(int. eq. l)type*, *%anie file = 1. different file - 2' 
read(ich!. *)ianav 
if(iur%ov. eq. l)goto 7 
if0anov. eq. 2)goto 5 
1) 10 l'ormat(4 x. a ) 
NOO FormatC ll()Nl()(, I, 'Nl-'()L)S-eil'ective flow JTSMMLýl 
SIO l'ormat(* flow resistivitieN*. 110.1. * to'. 1'10.1, * increment='. I'7.1) 
S20 formaW DI-A. ANEY S, BAZFLY -flow resistivity='A'10.1 
S40 I'ormat(* VAR I ABLE POROSITY ell' flow res='JI 0.1. ' aI 
S60 forniatC aIp1ia(e)=J6. I, * toJ6. I. ' increment=*, I*5.1 ) 
880 f'ormatC IIZIGI D-BACK ED LAYER-flow resistivity=". f 10.1. ' eirective dept h=J6.3) 
S81 formatC NFW RIGID-BACKED LAYER-flow re. sistivity-'. 1*10.1. ' eirective dcpth=', f'6.3) 
X90 l'ormat(* depths=*. J'0.3. * to '. 1'0.3. ' increment=J6.3) 
S91 I'ormat(* THIS IS IN FA(7 A SEN11 INFINITE MODEL BEST FIT') 
900 %top 
elld 
A. 2 Routines for the Prediction of Attenuation. 
c 
Program PREDDIFF 
Calculate.,; a prediction ol' the attenunion function ic. the difference 
between the excess attenuation at two microphone positions. 
Impedance is calculated using the following models which are identified 
by the integer variable irn thus: 
im model inputs variable nanic 
I Delany and Bazely model flow resistivity f res 
24 parameter model for rigid flow resistivity phib 
porous medium (Rayliegh- tortuosity q2 
Attenborough model) shape factor n 
porosity capom 
3 Talaske's 2 -layered model flow resistivity 
using Delany and Bazely for each layer fresl. fres; 2 
to calculate impedance and 
propagation constant. layer depth (I 
4 Talaske's 2 -layered model for each layer 
using 4 parameter model flow resistivity plil. ph2 
to calculated impedance and porosity cap I. ca p2 
propagation constant. tortuosity q2l. q22 
shape factor n I. n2 
top layer depth 
5 No model used but a file of Arrays containing 
impedance vs frequency read frequency afr 
into program. and impedance azr 
Variable porosity 
approximation (= homogeneous effective flow resistivity efr 
approximation if alphe=O) effective alpha alplie 
7 Rigid-backed layer 
approximation with flat effective flow resistivity efr 
real part effective depth de 
84 parameter model for rigid flow resistivity phib 
porous medium (Rayliegh- tortuosity q2 
Attenborough model) over- shape factor n 
lying rigid backing porosity caporn 
layer depth d 
9 Rigid-backed layer 
approximation with frequency- effective flow resistivity efr 
dependent real part effective deptli de 
com mon/ch I /kO. pi, j 
complex j. beta. zr. pln, ptotn. i-)11'. ptotf. azr 
cliaracter*20 ofile, frfiJ. ofile2. ofile3, ofile4 
dilliell, don c(5).. sig(5),, il't-(220).. izr(22) 
real Mnjil. iQ 
piý3.141592653 
a1=1 7.0 
cv-331.55*.,, cl rt( I +at/273.15) 
type*. *interactive or from predin. datT 
type*. *imeract ive=1' 
accept*. int 
ichi=5 
illint-eq. 1 )goto 4 
ichi-10 
open( unit- I O. nanie='predin. (I at '. type=*old*) 
if(int-eq. 1 )type*. 'output file? - difference' 
read(ichi. 2)ofile 
format(a) 
o pen( un it-2. n a me=o fi I e. ty pe=*new*) 
if(int. eq. 1 )tyl, )e*. *write impedance to file? Yes=l' 
read(ichi. *)iwri 
if(iwri. eq. 1 )open (u ni t=3. na rn e='zr. da t'. ty pe='n ew') 
il'0nt. eq. 0type*. 'modeI required? ' 
if(int. eq. 1 )type*. ' Delaney and Bazely infinite 
if(int. e(I. 1 )type*. ' Ray I iegh -A ttenbo rough infinite 2' 
if(int-eq. 1 )type*. * D(U3 - Talaske 2-layered 3' 
if(int. c(I. 1 )type*, ' R-A Talaske 2-layered 4' 
illint. eq. 1 )type*. ' measured impedance data = 5' 
il"Ont. eq. 1 )type*. * variable porosity 2 parameter = 6' 
il'(int. eq. 1 )tyl-)e*. * rigid-backed layer 2 parameter = 7' 
if(int. eq. 1 )type*, ' rigid-backed layer Rayl-Atten = 8' 
if(int-eq. 1 )type*. * MIL 2 param - freq dependant IZe(zr)=9' 
read(ichi, *)im 
c 
c Call appropriate input s ubroutine which simply accepts all the relevant 
c input parameters 
if(im-eq-Ocall delbaz(ichi. fres) 
if(im-eq. 2)call zkkb(ichi. phib. q2. capom. n) 
if(im. eq. 3)call dbtal(ichi. fresl. d. fres2) 
if(im. eq. 4)call zkkbtal(ichi. phl. ph2, q2l, q22, capl, cap2. nl. n2. d) 
if(im. eq-5)call mesd(ichi. it. azr. afr) 
if(im. eq. 6)call vp(ichi. efr. alphe) 
if(im. eq. 7)call rbl(ichi. efr. de) 
if(im. eq. S)call zkkbl(ichi, phib, q2, capom. n. d) 
if(im. eq. 9)call rblOchi. efr. de) 
if(im. eq. 5)goto 45 
Set uP frequencies to be used. 
if (int. e(I. 1 )type*. ' 
if (int. eq. 1 )type*. 'iopt=1 50 1 Iz steps' 
if(int. e(I. 1 )type*, 'iopt-2 third octaves. ' 
il'(int. ecl-1 )tyl-, c*. *iopt-3 frequency range with log spacing(134 points)' 
if(inuetl. l )tvpe*. 'iopt=5 frequency read from 2 column dat., file* 
if(int. eq-1 )tvpe*. * 
t. C(I. I) ty I le*. 
il'(iopt. ne. 5)goto 10 
il'(Int. eq. l)type*, '75 frequencie0oranother file ye.,; =I* 
read(ichi. *)ifrfil 
if(ifrfil. eq. l)goto 11 
if(ifiL. eq. l)tyl-le*. 'I'ileiiýinie containing frequenciesT 
read(ichi. 2)1'rfil 
goto 12 
11 frfil='dl: difl65m b48. dat' 
12 open(unit=1 l, name=frfil. type='old') 
if(int-eq-0type*, 'number of frequencies? * 
read(ichi. *)ifre 
do 14 i=l. ifre 
read(I 1. *)afr(i), xxx 
afr(i)=10**afr(i) 
14 continue 
it=ifre 
close(unit=l I 
goto 45 
16 if(int. eq. l)type*. 'first frequency? ' 
reaci(ichi, * )fr 
if(iopt. eq. 1) it=199 
if(iopt. eq. 2) it=21 
if(iopt. e(I. 3) it=134 
if-Gopt-eq. 4) it=68 
45 if(int-eq. l)type*. 'geonietry for near microplione? ' 
if(int. eq. 1 )type*, *source height. receiver height and separation distance? * 
read(ich i, * )hsn, h rn, rn 
if (int. eq. 1) type*, ' * 
if(int. eq. 0type*, *geometry forfarmicrophone' 
if Ont-eq A )type* . *source beight. receiver height and separation distanceT 
read(ichi. *)hsf. lirf, rf 
ifGnt. eq. 0type*. 'correction for atmospheric absorption? no-O* 
read(ichi. *)ic 
if(ic. eq. O)goto 30 
at=20 
arh-60 
30 ff-20*alogIO(rf/rn) 
do 200 i=l. it 
if(im. eq. 5. or. iopt. eq. 5) fr-afr(i) 
if (ic. eq. 0) goto 50 
call corffaa(fr. rn. rf. at. arli. ffaa) 
aa=ffaa-ff 
goto 00 
50 aa=O 
00 onl=2*pi*fr 
kO=oni/cv 
c Calculate impedAnce according to tile model selected 
if(inixq. Ocall dbzr(t*rJrvs. zr) 
if(inLeq. 2)caU czkzdfrThibM2xapom. nxr) 
il Unix+3011 dhOzArrAinim. fresi AlJres2, zr) 
irunixq. Ocall cmizdrrTlil. l-, lt2. (121, q22. cal-il. cil-)2. nl. ll2. (I. zr) 
ifEimxq. 5)zr-azr(i) 
if(im. eq. 0call vpzr(I*r, el'r, alphe. zr) 
il'Oni. eq. 7)call rblzr(l'r. efr, (ie, zr) 
ir(im. eq. N)caU czllzr(i'r. pliil), q2, capoiii. ii, (i. vr) 
il'Oni-eq. 9kall l'drblzr(l'r. el'r, de. zr) 
rzr-real(zr) 
xzr=-l*aimag(zr) 
il Ow ri. eq. I) w rite(3.5)a log I 0(1'r), rzr, xzr 
5 format(I x. 31-12.0) 
hcU- I /zr 
if(fr. ge. 3000. ) li. s=lisn+0.2 
if(fr. it. 3000. ) lis-lisn 
c Calculate excess attenuation for each microphone and difference 
c between them, corrected for atmospheric absorption if required. 
c 
call c lien I (lis. lirn. rn. beta. p I n. ptotn, apn. aptn) 
cn=20*alogIO(aptn/apn) 
call clienl(hs. lirf. rf. beta. plf. ptotf. apf. aptf) 
cf-20*alogIO(aptf/apf) 
cin-cn-cf+aa 
c 
c Write results and increment frequency 
C 
write(2.2001 )alogl O(f Oxin 
if Um. eq. 5. orAopt. eq. 5) goto 200 
if(iopt. eq. 1) fr=fr+50.0 
iMopt. eq. 2) fr-fr*2**0-3333333 
iMapt. eq. 3) fr-fr*2**0.05 
if(iopt. eq. 4) fr-fr*2**O. l 
200 continue 
2001 format(lx. 2fl2.6) 
stop 
end 
Subroutines for the calculation of impedance using various prcdiction models as used 
in PREDDIFE 
subroutine czklzi-(fi-, pliib, q2, ctl)oni, n, (I, zr) 
calculation of' impedance using rigid backed layer model (equation 4.14) 
c with bulk propagation constant and characteristic impedance calculated by 
c Attenborough 4-parameter model (equation 4.13). 
rea In 
complex zr 
nv= 13 
np= 1 
call or(linate(l'r. nv. np, q2. ii, l-iiiii). cal-x)iii. (i. orcil) 
np=2 
call ordinate(i'r. nv, np. q2. n. pliib. caponi, ti, or(12) 
zr=cmplx(ord 1, ord2) 
return 
end 
subroutine czkzr(frpliib, q2, capom, n, zr) 
calculation of impedance using Attenborough 4-parameter model (equation 4.13) 
rea In 
complex zr 
nv=10 
np= I 
d=. Ol 
call ortlinate(fr. iiv. np. cl2, i-i. pliib. caponi. cl. ordl) 
np=2 
call ordinate(fr. nv. np. q2, n, pliib. caponi, d, ord2) 
zr=cmplx(ordl. orc]2) 
return 
end 
subroutine cztlzi-(f r, ph 1, ph2, (121, (122, cap 1, cap2, n l, n2, d, zr) 
Calculation of i III peda lice using 2-layered model described by Talaske (19NO) 
c characteriNtic impedance of' layers calculated using equation (4.13). 
complox x1, z2, v. r, K I 
real n1. n2 
(1d -I 
calculate propagation constant in upper layer (kl). 
c 
Ilv=l 
Ilp= I 
call oi-tliiiiite(i*r. iiv. nll. q2l. nl, l)lil, capl. (Itl. or(la) 
n p= 2 
call orcliiiate(f'r, nv. nli. q2l. iil, plil. capl. dcl, ordb) 
k1=cmplx(orda. ordb) 
calculate characteristic impedance of each layer (zI and z2). 
nv-10 
np=l 
call or(iinate(fr. nv. np. q2l. nl, plil. capl. d(l. ordc) 
np=2 
call orciiiiate(fr. nv. np, q2l, nl, plil. capl, (Id. ordd) 
zl=cmpix(ordc. or(](I) 
np=l 
call orifinate(fr. nv. np. (122. n2, lili2. cap2. ti(i. or(le) 
np=2 
call or(iiilzite(fr. nv. nli. (122. n2. pli2. cap2, (Ici. or(if) 
z2=cjnplx(orde. ordl*) 
calculate surface impedance 
d2kj-j*2.0*k I *d 
zrn-zl +z2+(z2-zl)*cexp(d2kj) 
zrd=zl +z2+(zl -z2)*cexp(d2kj) 
zr=zl*zrn/zrd 
return 
end 
subroutine (lbi-l)lzr(fi,, oiii, cv, fi-es, (I, zi-) 
calculation of' impedance using rigid backed layer illipe(Lince Illodel 
c equaLion (4.14 ) characteristic impedance of layer calculated using 
c Delany and Ba/ely model eq tiation (4.11 
complex zl. zc. z2. j, kl 
sbyf=l"res/(f'r*1000. ) 
flbvf'r=l're.,; /I'r 
j=(6.0.1.0) 
call (Ibzr(l'r. 1'res. zc) 
c 
calculate propagaLion constant in Lipper kiyer (k 1 
C 
rho=1.21 
a= 1. +0.0978* (11 by fr/rlio)**0.7 
b=O. 189* (fl by l'r/rlio)* *0.595 
a=a*om/cv 
b=b*oni/cv 
k1 =cniplx(a. b) 
c 
calculate surface impedance (zl) 
c 
z2=-j*kl*d 
c 
check for values of z2 which are too large for ccoth 
c 
if(real(z2). Ie. 44.3)goto 10 
cth=cnipIx(I. O. O. 0) 
goto 20 
10 ctli=ccotli(z2) 
20 zl=zc*ctll 
return 
end 
subrouthic dbtIzr(f i-, oni, cv, f res 1, (I, f res2, zr) 
calculation of impedance using 2-layered model de. sxrihed by Talaske (19(SO) 
cha racterim ic im peda nce of layers ca Icu lit led using eq nation (4.11 
complex zl. z2. kl. zr. zi-ii. zrti. j, (]2kj, cii 
rea In 
pi=3.14 1592653 
j=((). (), 1. ()) 
c 
CACUL11C characteristic impedance of each layer (zI and z2). 
c 
ca II (11)zr( I*r. f res Iz0 
call dbzr(l'r. fre. s2, z2) 
c 
calculate propagation constant in upper layer (kl 
c 
fl by fr-f res I If r 
rho= 1.21 
a=]. +0.0978*(fl byf r/rlio)**0.7 
b=O. 1 89*(fl by fr/rho)**0.595 
a-a*orn/cv 
b=b*oni/cv 
kI -cmpl x(a. b) 
c 
calculate surface impedance 
c 
(]2kj-j*2.0* kI *(I 
zrn=z I +z2+(z2-z I )*cexp((]2kj) 
zrd=zl +z2+(z I -z2)*cexp((12 kj) 
zr=zl*zrn/zrci 
return 
end 
subroutinc dbzr<f r, fres, zr) 
calculation of impedance using Delany and Bazley model (equation 4.11) 
complex zr 
flbyf-fres/fr 
rho= 1.21 
r- 1. +0.057 1* (flbyf /rho)**0.754 
x-0.087* (flbyf /rho)* *0.732 
zr-cmplx(r. x) 
return 
end 
subroutine fdrblzr(frcfr, dc, zr) 
CilICUlation of' impedance using rigid backed layer approximation 
c with 1'requency dei-ICII(IMIL resistance equation 4.19 
complex zr, arg. cth, ccoth, zh. i 
i=cnipix(O. O. 1.0) 
1'rbyl'=s(jrt(ef`r/l*r) 
rzli=0.21N*I'rt)vf 
xzli=0.21 s* rrbyf 
A=cm plx(rzlt. xzli) 
a rg=- I *i*5.59e-03*de*scjrt(ef r*fr)*( I+ i) 
clieck for values of arg which are too large for ccoth 
if(real(arg). Ie. 44.3)goto 10 
ctli=cmplx( 1.0.0.0) 
goto 20 
10 ctli=ccotli(arg) 
20 zr=zli*ctli 
return 
end 
subi-outhic oi-(Iiiiatc(f, iiv, iij), (12, n, l)liib, caponi, (I(I, or(l) 
c This routine returns the value (ord (if' a requested variable at 
Ca giVell VIIL]e 01' I'l-C(ILICIICY 0'). 
c nv is Ihe number of' the variable. 
c if' till =I real part isselected. if' nl-s 2 imaginary part is 
c "Clected. 
c .... Uses cnipbj. For to calCLIlate bessels; l'unctions .... 
c 
real iiiLi. iitif. ii, lzinit)(lap. lanibclas. niikt)I 
complex i. y. ti-). Y. kkb, jO. jl. riiot)zk. rliot),.;. n-iikb. ct, rliobiiii 
complex czk, ciiii, ill-)y, ccc, ccs. ni-)ys, zdzk. ikl)(I 
(1-stirtG12) 
pi=3.14 1592653 
i=cIIIplx(0.0,1.0) 
cl'-34000.0 
gamma-1.4 
prandtl-0.76 
sqrtnp=sqrt(prandtl) 
mu=IS le-6 
rhof-1.2e-3 
nut'-niu/rhot* 
c 
, zie -S*mu*(q**2)/(caponi*pliib) 
ae=ae**0.5 
omega=2* pi*f 
la m bd a p=(ae/n) * ((o mega/nu f 0.5) 
Y-Sqrtnp* lanit)dap*(i**0.5) 
npy-y 
re6-real(npy) 
if(nv. e(l. 6. and. np. eq. 1) or(l=re6 
aim6-ainiag(npy) 
if(nv. eq. 6. ancl. np. eq. 2) ord=ain16 
C 
nI-O 
call cnipbj(y. nl. jO) 
nl-1 
call cnipbj(y, nl. jl) 
tP=jI/jO 
zkkb-1+2* ((gamma- 1)/Y)* tp 
ccc-zkkb 
re7-real(ccc) 
if(nv. eq. 7. and. np. eq. 1) ord-re7 
aim7=aimag(ccc) 
if(nv. eq. 7. and. np. eq. 2) ord-aim7 
C 
c variable no I- propagation constant. 
C 
y-lambdap*(i**0.5) 
nl-O 
call cmpbj(y. nl. jO) 
nl-I 
call cnipbj(y, nI. jl) 
tp-j 1 /jo 
zkkb=zkkb/(I-(2/y)*tp) 
zkkt)-zkkl)*(ci*omega/cf)**2 
zk, kt)-zkkb**0.5 
rel-real(zkkt)) 
if'(nv. etj. l. and. np. eq. l) ord-rel 
it im I =aimag(zkk b) 
il'(nv. ctj. Lahil. np. q. 2) ord=aim I 
c variable 2 propagation conswilt LIS*illg 10M. ' freqUency approximation. 
m ik I) l =(omega/c I')** 2*gam ma/rho I* 
mikb=mik bl *(ri, or*( 1.33-0.2N5 7*prandt 0* cl**2) 
niikl)=niik I)+( i* pIfib*capom*n**2/omega)* mikb I 
mikt)=nlikt)**0.5 
rc2=re. d(mikb) 
ii*(nv. e(I. 2., ii-ict. til-). e(1.1) or(]=re2 
it i n12=a i mag(m ik b) 
il'(nv. e(j. 2. and. np. ecj. 2) ord=aim2 
c 
c variable no 3- complex density. 
c 
rliobzk=q**2*rliof/((I-(2/y)*tp)*capom) 
re3=real(rliobzk) 
if(nv. eq. 3. an(l. np. eq. 1) ord=re3 
aim3=aimag(riiol)zk, ) 
if(nv. eq. 3. and. np. eq. 2) ord=aim3 
c variable no 4- complex density using low freq. approx. 
rfiobm i=rliof*q**2/capom 
rhobm i=1.33* rliobmi+i* pliib* n**2/oniega 
re4=real(rliobmi) 
if(nv. etl. 4. an(l. np. eq. 1) ord=re4 
aim4=aimag(rhobmi) 
if(nv. ecj. 4. and. np. eq. 2) or(i=aini4 
variable no 5- complex density if all pores were slits. 
b=(12*mu*(q**2)/(capom* ph ib))**0.5 
]a mbd as=b* ((omega/ntif)* * 0.5) 
Y=Iambdas*(i**0.5)*i 
rhobs=(rliof* q* * 2)/ca pom 
call ctanh(y, ct) 
rllol)s=rbobs/(l -ct/y) 
re5=real(rhobs) 
if(nv. eq. 5. and. np. eq. 1) ord=re5 
aim5=aimag(rhobs) 
if(nv. eq. 5. and. np-eq. 2) ord=aim5 
c 
c variable no 10 - characteristic impedance. 
c 
czk=(rhobzk*omega)/(zkkb*rhof*cf) 
rczk=real(czk) 
if(nv. eq. 10. and. np. eq. 1) ord-rczk 
xczk=aimag(czk) 
if(nv. eq. 10. and. np-eq. 2) ord=xczk 
c 
c variable no II- low frequency approximation. 
c 
cnii=(rliobmi*oniega)/(niikb*rliof*cf) 
rcmi=real(cmi) 
il'(tiv. eq. I Latid. np. eq. I) ord=rcnii 
xcnii=aimag(cmi) 
if(ml-ecl-I I. and. np. eq. 2) ord=xcmi 
c variable no 1) - parmicter l'or slits. 
nl-, y-,; =s(lrtn p* I it mbdas* (i**0.5)* i 
rc9=rea 101 pys) 
if(nv. ecl. 9. and. np. e(j. 1 ) or(]=re9 
aim9=aimag(npys) 
il'(nv. e(l. 9. and. np. cq. 2) ord=aimo 
call ctanh(npys. ct) 
cc. s= 1 +(gi m ma- 1 )* ct/npys 
reS=real(ccs) 
il'(nv. e(l. N. and. np. ecl-1) or(]=reS 
aimS=ain1ag(ccs) 
il'(nv. e(l. N. and. np. e(l. 2) ord=aimS 
c variable no 12 - attenuation 
re I 2-20*aimag(zkkb)*(Id/a log( 10-0) 
if(nv. eq. 12. and. np. eq. 1) ord=re12 
c 
c variable no 13 - impedance of a rigid-backed layer. 
c 
ikb(i-zkkb*(I(I* i 
call ctanii(ikbd. ct) 
zdzk=(- 1.0)*czk/ct 
rel 3=real(;, dzk) 
aim I 3=aimag(z(lzk) 
if(nv. e(l. 13. and. np. eq. 1 ) ord=re13 
iI'(nv. eq. 13. and. np. eq. 2) ord=aim13 
retUrn 
end 
subroutine rblzr(frefr, de, zr) 
calculation of impedance using rigid-backed layer approximation (equation 4.18) 
complex zr 
rzr-0.00082*ef r*de 
xzr-38.99/(fr*de) 
zr-cmplx(rzr, xzr) 
return 
end 
subroutine vpMfrefralphe, zr) 
calculation of impedance using variable porosity approximation (equation 4.17) 
complex zr 
frbyf=sqrt(efr/fr) 
rzr=0.218*frbyf 
xzr=0.218*frbyf+9.74*(alplie/fr) 
zr-cmpix(rzr. xzr) 
return 
end 
Complex function ccotli(z) 
calculat" hyperbolic cotangent (coth) of a complex number 
Complex /. i 
i=c ill II Ix ( 0.0.1 -0) 
rz2=2-* real (Y. ) 
az2=2. *ainiag(z) 
cI =cosli(rz2)-cos(. tz2) 
ccotli=(sin li(rz2)-i*sin(az2))/c I 
return 
end 
Subroutines for the Prediction of Propagation. 
subroutine clicjil(lis, lii-, r, l)eta, pl, l)tot, al)l, al)tot) 
c Propagation model. returns the total and direci field at a givell 
C location l'or the calculation of' excess attenuation (equation 4.20) 
cQ is calculated as in equation 4.5. 
c In]-)LItS to the subroutine are; the source height(lis). receiver height(hr), 
c separation distance (r). complex admittance (beta=l/impedance). 
C Outputs are complex valLie and magllill. lde Of the total and direct field 
com mon/ch I /kO. I)i, j 
colilplex j, ck. cg. cri. cr2. cpi. rii. [)et; i. l-il. ii2. p3,1-)tot 
complex pe. pe2, wiz. f. cl. c2. c4 
real kO 
li=Iis+Iir 
r1 -sqrt« tis-lir)* *2+r* r) 
r2-sti rt(li * li+r* r) 
ctli-Ii/r2 
cI =( 1.0,0.0) 
c2-(2.0,0.0) 
c4=(4.0.0.0) 
cg=cmplx(cth. 0.0) 
ck=cnipix(kO, 0.0) 
crl=cnil-)Ix(rl. 0.0) 
cr2=cniplx(r2,0.0) 
cpi=cm pl x(pi. 0.0) 
r I-)=( cg-beta )/(cg+ bota 
pI =cex p(j* ck*cr I )/(c4 * cpi* ck*cr 1 
p2=rp* cex p(j* ck*cr2)/(c4 * cpi*ck* cr2) 
pe-cscl rt(j* ck*cr2/c2)* (cg+beta) 
pe2=-cl*j*pe 
call w(pe2. wiz) 
f-cl+j*csqrt(cpi)*pe*wiz 
p3-(cl-rp)*f*cexp(j*ck*cr2)/(c4*cpi*ck*cr2) 
ptot-pl+p2+p3 
apl-cabs(pl) 
aptot-cabs(ptot) 
return 
end 
subroutine exicii(I(FREQ, Iis, lii*, i-, bcta, zkkbi, ctli, b, pl, ptot, al)l, aplot) 
C Calculation of . total field anti direct field -it a given location over 
C ; in externally reacting boundary l'or the calculation of' excess- 
C attenuation. The error Function term 
c is calculated according to the method of' Chien and Soroka(1975), 0980) 
c OSV 43( 1) p9-20 and JSV 09 p340-343). 
c Total field calculated according to Attentiorougli-flayek- an(] 
c Lawther as corrected by QUartararo(Penn State MS Thesis 19N3). 
c Inputs - source height(fis), receiver height(hr), separation distance(r) 
C Aciiiiittaiice=l/cliaritcteristic impedance(beta). 
c Outputs- total fielt](ptot). direct field (lil ), absolute values of' 
c imal anti direct field (aptot, alil ) 
complex j. ck. cg. crl. cr2. cpi, rp. betit. pl. p2. p3. i-)tot. rellin(I 
complex pe. pe2. w iz. f xI c2. c4, cs,; (l I li. ktlieta. ktli eta m. A 
complex numa. dena. biiuml. bntini2. b(lenl. bden2. zkkbl. b. wsquared 
real kO. ssqtli 
1'1=3.141592653 
KO=2.0* PI* FIZEQ/344. 
h=hs+hr 
rl=sqrt((Iis-fir)**2+r*r) 
r2=sqrt(ii*h+r*r) 
ctli=h/r2 
i =CAII)I-X(0.0,1.0) 
Cl=(1.0.0.0) 
c2=(2.0.0.0) 
c4=(4.0.0.0) 
cg=cmplx(ctli. 0.0) 
ck=cmplx(kO. 0-0) 
crI=cmplx(rI. 0-0) 
cr2=cmplx(r2.0-0) 
cpi=cmplx(pi. 0.0) 
ssqtli = I. -ctli**2 
cssqth = cmplx(ssqth. 0.0) 
reflind = zkkbl/ck 
ktlieta = cssqtli/reflind**2 
kthetam- cl-ktheta 
kthetam- csqrt(kthetam) 
rp=(cg-b eta* kthetam)/(cg+beta* kthetarn) 
pl-cexp(j*ck*crl)/(c4*cpi*ck*crl) 
p2=rp*cexp(j*ck*cr2)/(c4*cpi*ck*cr2) 
numa - cl-cl/reflind**2 
numa = numa**0.5 
dena = cl-(beta*ck/zkkbl)**2 
dena = dena**0.5 
A= j*beta*ck*numa/(zkkbl*dena) 
c 
c If the real part of the arguement pe2 is negative. the 
c subroutine w returns a large value of wiz which tends to cause 
C an overflow in the following calculation.,; or a sharp discontinuity in 
C the attenuation result. Thereforesaeps are taken 
C to avoid this occuring. A negative imaginary part of wsquared gives 
ca negative real part of pe2. a negative imaginary part of wsquared is 
c therel'ore sel to 0. 
4: 
c This is evident 11V an approximation bUt (10C. S NeCIII tO giVC 'NellSible' 
c ts. 
c 
w. Nquared = j*ck*cr2*(cl+A*cg-". sqtli*c%, (Irt(cl-A**2)) 
wtestr=real(w. scjuared) 
wlesti=aimag(w,, cjtjarcd) 
if(wtesti. it. O. O)wtesti-0.0 
w. stj tiare(kcin pI x(wtestr. wtesti) 
I-v. 2 = -j*cscjrt(w,, cjuared) 
call w(pe2, wiz) 
F- cl+j*cs(Irt(cpi)*csqrt(w, %quiire(i)*wiz 
bininil (cg+beta*ktlietam)*nunia 
bdenl (cg+t)eta*iiunia/deiia)*ktlietam 
bnum2 dena+ beta* numa*cg+cssqtli* (c I -beta**2)**O. 
5 
bnun12 csqrt(bnuni2) 
bden2 dena* * I*csqrt(c2*cssqtli)* c%q rt(csq rt(c I -beta* *2)) 
b= (bnuml*bnum2)/(bdenl*bden2) 
p3-b*(cl-rp)*f*cexp(j*ck*cr2)/(c4*cpi*ck*cr2) 
ptot=pl+p2+p3 
apl-cabs(pl ) 
APT()T=CAIIS(PT0T) 
retU rn 
end 
subrouthic. w(zwiz) 
c calcillation of error function following, the Method 01' Chien and Sorok-a( 1975) 
c modified by the , ame authorN in 19SO. 
C 
c subrOLItine \V is modified From 'cderl'c' develope(I at Pennsylvannia State 
c University. 
logical Ix, ly 
complex*8 v. wiz. cefw--,. tl. t2. t3 
data cons/ 1.128379167095/ 
x=-ainia,,,,, (z) 0 
Y=real(z) 
c 
xl=y 
yl=-x 
c 
c determine quadrant for z 
c 
10 lx=x. ge. 0.0 
ly=y. ge. 0.0 
if(lx. and. 1y)iq=l 
if Cnot. lx. and. 1y)iq=2 
if(. not. lx. and.. not. 1y)iq=3 
if0x. and.. not-Jy)iq=4 
c 
c convert to Ist quadrant 
c 
x=abs(x) 
Y=abs(y) 
.; =cmplx(x, y) 
XS=X 
ys=v 
c 
100 if (y. ge. 4.29. or. x. ge. 5.33)goto I 10 
s=(1.0-y/4.29)*sqrt((I. O-(x* x)/28.4 
h=1.6*s 
h2=2.0* li 
ncap=6.5+23.0*s 
alamda=h2**ncap 
nu=9.5+21.0*s 
goto 120 
110 tl=4.613135e-l/(s*s-1.901635e-1) 
t2=9.999216e-2/(s*s-1.7844927) 
t3=2.883894e-3/(s*s-5.5253437) 
wiz=s*(tl+t2+t3) 
v=real(wiz) 
u=-aimag(wiz) 
goto 180 
120 rl=0.0 
r2=0.0 
sI =0.0 
s2=0.0 
n=nu 
130 if(n. it. O)goto 150 
pl=n+l 
tl=y+li+pl*rl 
t2=x-pl*r2 
c=0.5/(tl*tl+t2*t2) 
rl=c*tl 
r2- c* t. 2 
il(ii. e(1.0.0. (il*. Il. gt. ilcill))golo 140 
tl=alaIIIda+sl 
sl=rl*tI-r2*s2 
N2=i-2*tl+rl*s2 
it ]a inda=a lit mda/h2 
140 11=11-1 
goto 130 
150 iI*(alamda. ecl. O. O)goto 100 
Ij=cons*,,; I 
v=con. s*-, 2 
goto 180 
160 u=cons*rl 
v=cons*r2 
180 cel'w=ciiiplx(u, v) 
c 
c test for underflow and overflow 
c 
test--xs* x,.,, i. y.,; *ys 
if (test. I t. -85.0) test-85.0 
i f(test. gt. 8 7. )te., zt=87.0 
c test for quadrant 
goto(230,220.210,210). iq 
210 cefw=2.0*cexp(emplx(test. -2. *xs*ys))-cefw 
if(icl. e(I. 3)goto 230 
il'(iq. eq. 4)goto 220 
c for 2nd and 4th quads conjugate cefw 
c 
220 cefw=conjg(cefw) 
c 
c 
230 wiz=cefw 
return 
eild 
A. 3 Calculation of Attenuation Duc to Scattering. 
Subroutine Scatter 
TI subroutine SCA'l -'I 
c Program to calculate attenuation 
c for an array (it' vertical cYlindrical scatterers 
c ie. the difference in NOUnd pressure level between two points within 
c the array. 
c 
c Method taken from Embleton( 1966) IASA. 40(3) p067-070 
c 
dimension aj(400). aii(400). (Ij(400). (Ili(400). aa(400) 
complex i, zb. kb. g. ga, ah. aa. dh 
real k. ka. kan 
pi=3.141593 
i=cniplx(O. O. I. 0) 
C 
om=2*pi*fr 
k=om/343. 
ka=k*rad 
c 
Calculate number of iterations required to calculate An. 
c 
kan=(ka+5.8)/0.8 
itt=kall 
c 
Calculate surface impedance of cylinders(using Delaney &, Bavely model) 
C 
il-(ifr. ne. O)goto 10 
il o= fl resl(f r* 1 . 21 
) 
r= 1. +0.05 71* (fl o)* * 0.75 4 
x=0.087*(flo)**0.732 
zb=cmplx(r. x) 
c 
Calculate zero and first order values of Bessel and Ilankel functions 
c and their derivitives. 
c 
10 call jyh(O. ka. l. aj(1), aini) 
call jyh(O. ka, 3. rhO. xhO) 
ah(l)=cmplx(rliO, xhO) 
call jyh(I. ka. 1, aj(2), aim) 
call jyh(l, ka. 3. rhl. xhl) 
ah(2)=cmplx(rhl. xhl) 
dj(l)=-l*aj(2) 
dh(l)=-I*ah(2) 
dj(2)=aj(l)-aj(2)/ka 
dh(2)=ah(l)-ah(2)/ka 
c 
Calculate Bessel and Ilankel functions for positive values of n. 
c (negative not required as An for n=-n equals An) 
c 
do 200 il=3, itt 
aj(ilM2*(il-2)*aj(il-I )-ka*aj(il-2))/ka 
dj(i I )=(ka*aj(i I-I Mi I- 1)*aj(i 1 ))/ka 
ali(i 1 )=(2* (i 1 -2)* ah(i I-I )-ka* a hG I -2))/ka 
dh01 Mka*a h( i F- I Mi I-I )* a h(i I ))/ka 
200 continue 
C 
Calculate An l'or each VillUe 01' 11. 
do 300 i2ml, iit 
il'01'r. no. 0) goLo 301 
goto 300 
301 i I'( ffrxcl. ] )a a( i2)=- I*G*aj02))Ai* a h02)) 
if*0I*r. eq. 2)aaG2)=- I *djG2) AM 02) 
300 C011tillUe 
c 
Calculate scattering parameters g and ga. 
8=, I, l 0) 
ga=aa(i 
do 350 i3=2, itt 
n=i3-1 
g=g+(2*aa(i3)) 
g. i=ga+(2*aa(i3)*(-l)**n) 
350 continue 
c 
Calculate bulk propagation constant kb. 
cii=(Ien,; *2/k 
kb=cs(I rt(k* k-4* i*(Iens*g+(ga*ga-g*g)* ((2*ciens/k)**2)) 
qc=aimag(kb) 
c 
Calculate attentiation within array. 
at t=(20*qc*sccii)/a log( 10.0) 
c 
retUrn 
end 
SUBROUTINE JYIIUoi-d, x, nv, i-cs, xes) 
c ret u rns va I tic of' j. y or Ii For rea I x. 
c llv=1 is i i. e. hessel I'linctioll first kind. 
c nv-2 is y i. e. bessel runction second kind. 
c llv=3 is 11 i. e. hankel I'linctioll. 
c iord is order. 
complex han0l. hanl Lcres 
iI'(iord. eq. O. and. nv. ecjA )res=bjOI(x) 
i1*0ord. eq. Land. imeq. 1) res=bj IIW 
il'(iot-ti. e(I. O. ýiii(. I. iiv. eq. 2) res=by0l W 
il-(iorti. ecl. l. aii(l. iiv. eti. 2)res=l)yi 1W 
il'(iorti. eti. O.; in(l. nv. eti. 3)ci-es=liaii0l(x) 
if'Gord. eq. I. and. nv. eq. 3)cres=han IIW 
if(riv. ne. 3) goto 10 
res=real(cres) 
xes=aimag(cres) 
10 return 
end 
function bj0l(x) 
common /flags/ ifjin. ifyin. ifjout, ifyout 
ifi I 
ify I 
it'jin = ifj 
yj = sl7aef(x, ifj) 
bj0l=yj 
if(ifj. ne. O)type*. 'error ifj. ne. 0 - bj0l' 
return 
end 
function bj I I(x) 
common /flags/ ifj'Ul. ifyin, ifjout, ifyout 
ifi 
ify 
ifjin ifj 
yj = sl7aff(x. ifj) 
bjl I=yj 
if (ifj. ne. O)type*. 'error ifj. ne. 0 - bj 11 
return 
end 
function by0l(x) 
common /flags/ ifjin. ifyin. ifjout. ifyout 
ifj I 
ify 1 
ifjin = ifj 
yj = sl7acf(x. ifj) 
by0l=yj 
if(ifj. ne. O)type*, *error ifj. ne. 0 -by0l' 
return 
end 
function by I I(x) 
common /Ilags/ ifjin. ifyin. ifjout, ifyout 
i rj I 
ify I 
i1jill = iIj 
yj = sl 7adl'(x, il'j) 
by II =yj 
il'(it'j. tie. O)Lyl)e*. *crrt)r il'j. ne. 0 - by I I* 
return 
elld 
complex function lianOI(x) 
common /Ilags/ ifjin. ifyin. ifjout. ifyout 
Complex i 
ifj 
ify 
ifjill ifj 
ifyin ify 
yj - sl 7ael'(x. ifj) 
yy-sl 7acf(x. ify) 
i=cniplx(O. O. I. 0) 
lianOl-yj+i*yy 
if(ifj. ne. O)tyl)e*. 'error ifj. ne. 0 - han0l' 
if(ify. ne. O)Lype*. 'error ify. ne. 0 - han0l' 
return 
end 
complex function Ilan I l(x) 
conimon /flags/ if'jin. ifyin. ifjout. ifyout 
coniplex i 
i=cnip1x(O. O. 1.0) 
ifj -I 
ify -I 
ifjin - ifj 
ifyin- ify 
yj - sl7aff(x. ifj) 
yy - sl7adf(x. ify) 
Ilan II -yj+i*yy 
if(ifj. ne. O)type*. *error ifj. ne. 0 - hanIl' 
if(ify. ne. O)type*. 'error ify. ne. 0 - hanll' 
return 
end 
A. 4 Calculation of Significant Differences Using Pairwise T-Tests. 
PROGRAM TTEST 
to calculate pairwise 1-tests, to determine whether 2 illegins are 
significantly differellL. 
dimension (iat(2.100.2). n(2).; tii(2), Ntjili(2), SL]iii.,, (1(2). anicaii(2).. "(2) 
dimension table(30.3) 
character*20 ifile 
character* I ask- 
cliaracter*3 sig 
ichi=3 
opeii(uiiit=3. naiiie=*ts. (Iat*. type='ol(l*) 
100 su III (1) =0 
suni(2)=O 
SUnisq( 1 )=O 
sunisq(2)=0 
11( 1 )=O 
an( I )=O 
n(2)=O 
an(2)=0 
do 110 i10=1,100 
dat(l. ilO. 1 )=O. O 
dat(l. ilO. 2)=O. O 
dat(2. ilO, 1)=O. O 
dat(2. ilO. 2)=O. O 
110 continue 
2 format(a) 
open(unit=2. name='t table. (Iat*. tyiv=*old*) 
reaci(2. *)((table(j. k). k=1,3). j=1,30) 
close(tinit=2) 
do 20 il=1.2 
i2=1 
tYpe*. 'filename for data set*, i I 
read(ichi. 2)ifile 
write(6.2)ifile 
type*. 'column required 1=110NI 2-D&B' 
read(ichi. *)ic 
write(6. *)ic 
open(unit=2. name=ifile, type-'old') 
5 read(2. *). dat(il. i2.1), dat(il, i2,2) 
if(dat(il, i2, ic). eq. 999)goto 10 
i2=i2+1 
goto 5 
10 n(il)=i2-1 
an(il)=i2-1 
clme(unit=2) 
20 continue 
do 40 i3=1.2 
do 30 i4=1. n(i3) 
1,31111 (i .3 
)=s u ill( i3 )+da t(BA. ic ) 
stl ill stIO 3 )=. stjm,, (j0.3)+( d at( i3. i4, ic)* d at( OAJO) 
30 Continue 
a mean(i3)=. NLl III( B Va ii(M 
s-s-(i3)=sumsq(i3)-(stjni( i3)**2/aii(i3)) 
40 continue 
(11*-(, tii( I )-+; m(2)-2) 
adf=df 
I/an( 1 )+I/an(2))) 
anid=amean(i )-amean(2) 
Isig-I 
ty pe* "d f -'. d f 
50 if(l,; ig. ne. 1) goto 60 
t=table(adf, I) 
type* 
goto 80 
00 if(Isig. ne. 2)goto 70 
t=table(adf. 2) 
goto NO 
70 t-table(adf, 3) 
80 teNe-t*ese 
al-anid-tese 
au-anid+tese 
ty pe*. 'Cl ='. a ], ', '. a u 
sig-'not' 
if (a l. gt. O. and -a u. gt. O)sig='ye.,; ' if (al. I t. O. and. a u. I t. O)s ig-'yes' 
if(sig. eq. 'not*. and. Isig. eq. l)goto 101 
if(sig. eq. 'not'. and. Isig. eq. 2)goto 102 
if(sig. eq. *not'. and. Isig. eq. 3)goto 103 
if(Isig. eq. 3)goto 104 
Isig-Isig+l 
goto 50 
101 type*. 'not significant at 5% level' 
goto 500 
102 type*. 'significant at 5% but not at M 
goto 500 
103 type*, 'significant at 1% but not at 0.1%* 
goto 500 
104 type*, 'significant at 0.1% level' 
500 type*. ' ' 
if(amean(l ). gt. amean(2))type*, 'mean of data set I is higher, 
if(amean(2). gt. amean(I ))type*., mean of data set 2 is higher, 
if(amean(2). eq. amean(1 ))tyjv*. *mean,, identical!! ' 
type*. 'mean(l )=*. aniean( I Vmean(2)='. amean(2) 
91) stor 
elld 
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APPENDIX 81 RQsults from MixQd Oak/Spruce Wood - HazQlborough Wood. 
Fl, gure 81.1 
Attenuation at C24 an 10/8/83. 
Microphone hQights 1.2m and 2.5m(---- 
J 
Ail 
-lj 
0.10 Frequency kHz 10.00 
Figure 01.2 
Attenuation at C48 on 10/8/83. 
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Figure Bl. 5 
Attenuation at C48 an 10/4/84. Microphone heights 1.2m and 2.5m(---). 
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Figure Bl. 7 
Attenuation at C24 an 5/7/84. 
Microphone heights 1.2m and 2.5m( 
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Figure Bl. B 
Attenuation at C4B an 5/7/B4. 
Microphone heights 1.2m and 2.5m(----). 
0.10 Frequency kHz 10.00 
25.00 
m 
13 
r_ 
0 
q 
41 
4-) 
4J 
-5.00 
25.00 
m 
0 
43 
43 
-5.00 
/\ 
1' \\\/\ 
\r / 
/ 
r 
0.10 Frequency kHz 10.011 
Figure Bl. 9 
Attanuction at C72 an 5/7/B4. 
Microphone heights 1.2m and 2.5m(----). 
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Figure 81.10 
Attenuation at 024 an 5/7/B4. 
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Figure 81.11 
Attenuation at 046 on 5/7/B4. 
Microphone heights 1.2m and 2.5m( 
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Figure 81.12 
AttQnuation at H24 an 9/8/84. 
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25.00 
0 
.. 4 
4-) 
4J 
4-) 
-5.00 
25.00 
C13 
4J 
41 
4J 
-5.00 
IvI 
Zý I 
r-% 
0.10 Frequency kHz 10.00 
FlqUre 81.13 
Attenuation at H48 on 9/8/84. 
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Attenuation at H72 on 9/8/84. 
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Fi2ure 01.15 
At onuation at C48 an 20/6/85. at 12.01) MicrophanQ hQights 1.2m and 2.5m( ---- ). 
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Attenuation at C72 an 20/6/BS. at 13.00 
Microphone heights 1.2m and 2.5m( ---- ). 
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Figure B1.19 
Attenuation at C72 an 20/6/85. at 12.130 
MicrophanQ heights 1.2m and 2.5m( ---- ). 
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Figure 81.21 
AttQnuation at C72 an 20/6/BS. at 14.30 
Microphono holghts 1.2m and 2.5m(----). 
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Figure 01.22 
AttQnuation at C72 on 20/6/BS. at 15-50 
MicrophonQ hQlght 2.5m. 
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APPENDIX 82 Results from Spruce Monoculture - Wetleys Wood. 
Figure 82.1 
Attenuation at A12 on 28/7/83. 
Microphone heights 1.2m and 2.5m(---- 
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Attenuation at A24 an 28/7/83. 
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Figure 82.3 
AttQnuction at A48 an 28/7/83. Microphone hQights 1.2m and 2.5m( 
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Figure B2.4 
Attenuation at A96 an 28/7/83. Microphone hQights 1.2m and 2.5m( 
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Figure 82.5 
Attenuation at A12 an 26/6/84. 
Microphone heights 1.2m and 2.5m( 
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Figure 92.6 
Attenuation at A24 an 26/6/84. 
Microphone heights 1.2m and 2.5m( 
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Figure B2.7 
AttQnuatlon at A48 an 26/6/84. 
Microphone heights 1.2m and 2.5m( 
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Figure B2.8 
Attenuation at A96 an 26/6/84. 
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Figure 82.10 
Attenuation at 824 an 26/6/84. 
Microphone heights 1.2m and 2.5m( 
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Figure B2.9 
Attenuation at B12 an 26/6/84. 
MicrophanQ heights 1.2m and 2.5m(----). 
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Figure B2.11 
Attenuation at 848 an 26/6/84. 
Microphone heights 1.2m and 2.5m( 
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Figure 92.12 
AttQnuction at 996 on 26/6/84. 
Microphone holghts 1.2m and 2.5m( 
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Figure 82.13 
Attenuqtion at A48 an 16/5/85 at 13.00 
Microphono hQights 1.2m and 2.5m( ---- ). 
Figure B2.14 
AttQnuation at A48 on 16/5/85 at 14.00 MicrophonQ heights 1.2m and 2.5m( ---- ). 
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Attonuction at A48 on 16/5/85 at 15.00 MicrophonQ hQIghts 1.2m and 2.5m( ---- ). 
Figure 02.16 
Attenuation at A48 an 16/5/B5 at 16.00 
Microphone hQights 1.2m and 2.5m( ---- ). 
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Figure 82.17 
Attenuation at A4B on 16/5/65 at 16.30 
Microphone heights 1.2m and 2.5m( ---- ). 
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Figure 92.18 
Attenuation at A96 an 16/5/85 at 13.00 
Microphona heights 1.2m and 2.5m( ---- ). 
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Figure 82.19 
Attenuation at A96 on 16/5/85 at 14.00 
MicrophanQ heights 1.2m and 2.5m( ---- ). 
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Figure B2.20 
AttQnuation at A96 an 16/5/85 at 35-00 
HicrophonQ hQlghts 1.2m and 2.5m( ---- ). 
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Figure 82.21 
Attenuation at A96 on 16/5/85 at 16.00 
MicrophonQ heights 1.2m and 2.5m( ---- ). 
Figure B2.22 
Attenuation at A96 an 16/5/85 at 16.30 
Microphone heights 1.2m and 2.5m( ---- ). 
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APPENDIX B3 RQsults from Mixed Coniferous Wood. 
Figure B3.1 
Attenuation on 9/7/84 source at F26_microphones at F12 
Microphone heights 1.2m and 2.5m(-- -). 
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Figure B3.2 
Attenuation an S/7/84 source at F26 microphones at C24. 
Microphone heights 1.2m and 2.5m(----). 
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Figure 83.3 
Attenuation an 9/7/84 source at F26 microphonQs at C40 
Microphone heights 1.2m and 2.5m( ---- ). 
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Figure 93.4 
Attenuation an 9/7/84 source at F26 microphones at FS 
MicraphanQ heights 1.2m and 2.5m( ---- ). 
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Figure B3.5 
Attenuation an B/8/84 source at F26 microphones at F12 
Microphone heights 1.2m and 2.5m( ---- ). 
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Figure B3.6 
Attenuation an 8/8/84 source at F26 microphoms at G24. 
Microphone hQlghts 1.2m and 2.5m( ---- ). 
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Figure B3.7 
Attenuation an 8/8/84 source at F26 microphones at C40 
Microphone heights 1.2m and 2.5m( ---- ). 
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Figure 83.13 
Attenuation on 8/8/84 source at F26 microphonQs at FS 
Microphone heights 1.2m and 2.5m( ---- ). 
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Figure 93.9 
Attenuation an 8/8/84 source at FS_microphanQs at F26 
Microphone hQights 1.2m and 2.5m(- --). 
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Figure B3.10 
Attenuation an 8/8/84 source at F26 microphones at FS 
Microphone hQight 1.2m. 
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Figure B3.11 
Attenuation on 2/7/85 source at FS microphones at b. 
Microphone hQlqhts 1.2m and 2.5m(---- 
7m Without Trees. Source hQight 1.3m. 
ýj Attenuation an 2/7/85 source at FS microphones at c (7m). 
Microphone, hQlyhts 1.2m and 2.5m(---- 
Source Hei ht . 3m. 
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Figure 93.13 
Attenuation on 2/7/85 source at FS microphones at c(7m) MicrophonQ, hQlyhts 1.2m and 2.5m(---- 
Source Hei ht . 75m. 
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FlqurQ 83.14 
Attenuation an 2/7/85 source at FS microphones at F12. Microphona heights 1.2m and 2.5m(---- Source Height 1.3m. 
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Figure 83.15 
Attenuation on 2/7/85 source at FS microphones'at F12. 
MicrophonQ, hei? hts 1.2m and 2.5m(---- 
Source Hei ht . 75m. 
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Figure B3.16 
AttQnuation an 2/7/85 source at FS microphanGs at d (16. Bm). 
Microphone hQiyhts 1.2m and 2.5m(---- 
Source Height . 3m. 
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Figure B3.17 
Attenuation an 2/7/85 source at FS_microphones at d(16.8m). Mlcrophon%hQlýhts 1.2m and 2.5m(- Source Hel ht . 75m. 
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Figure 83.18 
AttGnuation on 2/7/85 source at FS_mlcrophonas at F26 
MicraphnnQ, hQi? hts 1.2m and 2.5m(- 
Source Hal ht . 3m. 
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Figure B3.1.9 
Attenuation an 2/7/85 source at FS microphones at F26 
Microphon%hGiýhts 1.2m and 2.5m(---- 
Source Hei ht . 75m. 
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Figure 03.20 
Attenuation, an 2/7/85 source at FS microphones at F26 
Microphone, hQiyhts 1.2m and 2.5m(---- 
Source Hei ht . 3m. 
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Figure 03.21 
Attenuation an 2/7/85 source at F12 microphonas at F26. MicrophonQ, hQl? hts 1.2m and 2.5m(---- 
Source HQI ht . 3m. 
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Figure 93.22 
Attenuation an 2/7/85 source at F12 microphones at F26 MicrophanQ, hQlyhts 1.2m and 2.5m(---- Source Hai ht . 75m. 
10.00 
Appendix C: Best Fit Ground Parameters. 
All the data sets were fitted to predictiOnS 01' SOUnd propagation using a least mean 
squares fit. The results presented in this appendix are the ground parameters which gave the 
best fit to the data (lowest inean squired diirerence) and the mean difference obtained using 
those parameters (nid). The colunin labelled lir gives the test microphone height. The letters 
Sl in the final colunin indicate that the rigid-backed layer approximation gave an almost 
identical impedance value to the homogeneous model, ie. the layer approximates to a semi- 
infinite medium. This is checked by the fitting routine which subtracts the real part of the 
impedance obtained using the rigid backed layer from that using tile same value of o, in the 
homogeneous model. if there is less than I pc unit between the two the serni-infinite case 
(SO is indicated. 
Appendix Cl: Data from Hazelborough Wood. 
Ilazelboro'Ugh Wood 10/8/83 
Microphone I lomogeneous Delany and Rigid-Backed 
Position Approxi mation Bazely Layer A pproximat ion 
Site hr cr, md O'c md O'r d, md 
C24 1.2 59000 3.22 26000 2.23 80000 0.08 3.06 
2.5 34000 3.40 23000 3.18 50000 0.09 3.19 
C48 1.2 39000 3.44 24000 3.08 50000 0.11 3.01 
2.5 34000 3.83 23000 3.63 50000 0.095 3.67 
C72 1.2 '35000 4.13 23000 3.43 40000 0.14 3.99 
2.5 36000 3.36 24000 3.01 40000 0.145 3.09 
Mean 39500 3.56 23833 3.26 51667 0.11 3.33 
sl 
sl 
sl 
Ilazelborough Wood 10/4/84 
Micropholle I lonlogellcous D01,111V and Higid-Backed 
Position Approximation Ilaxely Layer Ap proximation 
Site lir (TI. Ind cr, Ind (TI. d,. md 
('24 1.2 93000 2.10 63000 2.33 90000 0.085 2.06 
2.5 111000 5.27 51000 5.40 110000 0.055 5.08 
C4 8 1.2 127000 2.57 77000 2.46 120000 0.070 2.59 
2.5 153000 2.91 N5000 3.10 160000 0.050 2.77 
('72 1.2 110000 4.91 68000 4.48 120000 0.105 5.08 
2.5 113000 3.84 62000 3.57 130000 0.000 3.97 
Nleall IlSS33 3.61 07067 3.57 121667 0.071 3.59 
Ilazclborougli Wood 5/7/84 
Microphone I lomogeneous Delany and Rigid-Backed 
Position Approxi mation Bazely Layer A pproximation 
Site hr ar ind ar md (T., d, md 
C 24 1.2 30000 2.48 20000 2.31 40000 0.109 2.47 
2.5 30000 1.93 20000 1.75 40000 0.105 1.81 
('48 1.2 40000 INS 20000 2.07 50000 0.109 2.71 
2.5 50000 2.72 30000 2.65 50000 0.100 2.60 
C72 1.2 30000 2.83 20000 2.35 40000 0.109 2.83 
2.5 50000 3.08 30000 2.88 50000 0.108 3.03 
D24 1.2 20000 4.16 10000 3.82 40000 0.109 4.23 
2.5 20000 3.76 20000 3.62 30000 0.121 3.66 
D48 1.2 20000 3.86 10000 3.47 40000 0.109 3.96 
2.5 30000 3.93 20000 3.74 40000 0.109 3.84 
Mean 32000 3.16 20000 2.93 42000 0.1088 3.11 
sl 
st 
sl 
si 
sl 
ilazelborough 'Wood 9/8/84 
Microphone 11011logencolls Dolany and I'ligid-Backed 
Position Approxi mation Hazely Layer Approximat ion 
Site lir (71. md (T. - Ind (T.. 
de Ind 
1124 2.5 20000 1.89 20000 1.05 20000 0.185 1.90 sl 
1.2 NOW 2.52 20000 2.08 30000 0.140 2.40 sl 
1148 2.5 30000 2.79 20000 2.82 40000 0.110 2.75 sl 
1.2 40000 2.09 20000 2.03 40000 0.120 2.51 sl 
1172 2.5 30000 2.58 20000 2.05 30000 0.185 2.58 sl 
1.2 30000 4.15 20000 3.43 40000 0.130 4.11 Sl 
Mean 30000 2.77 20000 2.44 33333 0.145 2.71 
Ilazelborough Wml 20/6/85 
Microphone Homogeneous 
Position Approximation 
Site (72 
Time fir cr, nid 
12.00 1.2 130000 2.55 
2.5 110000 2.30 
13.00 1.2 120000 2.41 
2.5 90000 2.74 
14.1 1.2 120000 2.33 
2.5 90000 2.39 
16.00 2.5 100000 2.47 
Mean 108571 2.46 
C48 
Delany and Rigid-Backed 
Bazely Layer Approximation 
0,1 md o, d.. nid 
80000 2.55 130000 0.075 2.48 si 
60000 2.48 120000 0.060 2.15 
70000 2.36 120000 0.080 2.34 si 
50000 2.93 HOMO 0.065 2.61 
70000 2.32 120000 0.075 2.24 si 
50000 2.54 100000 0.065 2.31 si 
60000 2.62 120000 0.055 2.36 
62857 2.54 117143 0.068 2.36 
12-00 1.2 180000 3.60 110000 3.39 180000 0.065 2.48 sl 
2.5 110000 3.13 60000 2.98 130000 0.06 2.15 
13.00 1.2 190000 3.57 110000 3.43 190000 0.06 2.34 
2.5 90000 2.37 60000 2.22 100000 0.075 2.61 
14.15 1.2 180000 4.07 110000 3.78 180000 0.065 2.24 
2.5 100000 2.75 60000 2.52 120000 0.06 2.31 
16.00 1.2 180000 3.53 100000 3.26 180000 0.065 2.36 Sl 
Mean 147143 3.29 87143 3.08 154286 0.064 3.26 
Appendix C2: Data from NN'ctleys Wood 
Wetleys Wood 28/7/83 
NI icro p hone I 1011108C11COLIS' Delany and 
Position Approxi mation Ba YC Iy 
Site hr (TI Ind cr, Illd 
A 12 1.2 55000 3.26 30000 3.16 
2.5 5NO00 2. NO 35000 2.62 
A 24 1.2 3NO00 2.95 20000 3.02 
2.5 43000 2.97 2NO00 2. S3 
A48 1.2 34000 1.73 25000 1.35 
2.5 32000 2.43 23000 2.29 
A96 1.2 33000 4.82 22000 3.99 
2.5 29000 2.43 20000 2.03 
Mean 38125 2.92 20125 2.06 
Wctleys Wood 26/6/84 
R igid-I lac k cc I 
Layer Approximation 
Cr,. d, nid 
00000 O. OS5 3.13 
00000 (). ()S() 2.70 
40000 0.115 2.79 
50000 0.095 2.83 
40000 0.130 1.77 
40000 0.115 2.30 
40000 0.135 5.05 
30000 0.175 2.36 
45000 0.116 2.87 
sl 
sl 
sl 
si 
sl 
M icrophone I lomogeneous Delany and Rigid-Backed 
Position Approximation Hazely Layer Approximation 
Site lir (11, Ind (71. nid (TI. d,. md 
A12 1.2 89000 3.20 60000 3.27 90000 0.070 3.13 
2.5 77000 3.03 50000 2.94 90000 0.055 2.95 
A24 1.2 89000 3.26 59000 3.51 90000 O. OSO 3.17 
2.5 10700 3.18 64000 3.21 110000 0.065 3.07 
A48 1.2 69000 4.43 48000 4.83 80000 0.070 4.28 
2.5 91000 4.60 55000 4.93 100000 0.065 4.35 
A96 1.2 69000 2.87 46000 3.35 70000 0.100 2.59 Sl 
2.5 74000 3.93'" 46000 4.28 80000 0.080 3.55 
B96 1.2 73000 3.72 47000 3.57 80000 0.075 3.74 
2.5 72000 4.99 44000 5.07 80000 0.070 4.73 
1148 1.2 79000 4.18 52000 4.35 80000 0.100 4.09 Sl 
2.5 82000 4.19 48000 4.23 90000 0.070 4.04 
1324 1.2 84000 4.19 56000 4.31 80000 0.095 4.12 Sl 
2.5 90000 3.67 54000 3.57 90000 0.085 3.61 St 
1112 1.2 107000 5.04 62000 4.98 110000 0.060 4.99 Sl 
2.5 255000 3.98 94000 4.09 200000 0.050 3.96 
Mean 83467 3.89 52733 4.03 88000 0.076 3.76 
* Mean e xcludes measurem ent at 1112 . 2.5 m as it gives a very 
different result to the other 
measurements. 
WetleyS NX7ood 16/5/85 
Microphone I lonlogencou" Delany a nd Rigid-Ilacked 
Position Approximation Bazely l. a. ver Approximation 
Site A90 
Ti ni c hr (TO md Ind Cr. d, md 
13.00 1.2 70000 3.54 40000 3. OS 70000 0.095 3.02 
2.5 50000 1.65 40000 1.35 70000 0.070 1.75 
14.00 1.2 60000 5.18 40000 4.00 80000 0.06.5 . 5.25 
2.5 60000 2.10 40000 2.24 70000 0.000 1.80 
15.00 1.2 60000 2.45 40000 2.04 70000 0.095 2.59 
2.5 50000 1.97 40000 1.58 70000 0.065 2.07 
16.00 1.2 130000 4.11 60000 4. OS 140000 0.060 3.93 
2.5 70000 2.14 50000 1.85 90000 0.055 2.02 
16.30 1.2 70000 2.46 50000 2.10 80000 0.065 2.44 
2.5 60000 2.19 40000 1.77 70000 0.070 2.20 
Mean 68000 2.78 44000 8.78 81000 0.070 2.77 
A48 
13.00 1.2 80000 3.62 50000 3.13 80000 0.095 3.65 
2.5 80000 2.04 50000 1.85 90000 0.070 1.98 
14.00 1.2 70000 1.68 50000 1.56 90000 0.000 1.70 
2.5 70000 2.37 50000 2.06 80000 0.075 2.37 
15.00 1.2 80000 1.73 50000 1.46 80000 0.095 1.79 
2.5 70000 2.13 50000 2.20 90000 0.065 2.04 
16.00 1.2 90000 1.72 60000 1.60 100000 0.055 1.69 
2.5 100000 2.49 60000 2.61 110000 0.055 2.32 
16.30 1.2 80000 1.71 50000 1.62 90000 0.070 1.72 
2.5 70000 2.56 40000 2.70 90000 0.065 2.36 
Mean 79000 2.20 51000 2.08 90000 0.070 2.16 
sl 
sl 
sl 
sl 
Appcjidix C3: Data from Ilticknell Wood. 
Bucknell Mlood 9/7/84 
Microphone I 101110gelleoLis Delany and Rigid-Backed 
Position Approximation Bazely Layer Approximation 
Site hr (11. lilt] CT., md (11.1 d,. md 
Source at F26. 
IA2 1.2 110000 4.94 60000 
2.5 100000 3.2 1 60000 
G24 1.2 80000 0.94 50000 
2.5 90000 5.03 40000 
G40 1.2 50000 6.95 30000 
2.5 60000 5.68 30000 
I's 1.2 50000 5.27 30000 
2.5 50000 5.03 30000 
Nican 73750 5.41 41250 
Buckncll Woml 8/8/84 
Microphone I loniogencous 
Position Approximation 
Site hr (Te MCI 
Source at 1-26. 
F12 1.2 110000 4.39 
2.5 80000 3.74 
024 1.2 70000 7.91 
2.5 100000 6.64 
Fs 1.2 50000 4.48 
2.5 50000 3.73 
G40 1.2 50000 7.72 
2.5 50000 4.62 
Source at FS 
F26 1.2 40000 3.78 
2.5 40000 3.49 
1-12 1.2 70000 4.04 
Mean 64545 4.98 
5.04 110000 0.060 4.90 
3.38 100000 0, ()()() 3.10 
7.39 80000 0.070 6.91 
5.67 100000 0.060 5.. 59 
7.33 60000 0.085 6.98 
5.85 70000 0.075 5.67 
5.50 50000 0.090 5.23 
4.88 30000 0.085 4.98 
5.63 77500 0.073 5.42 
Delany and Rigid-Backed 
Bazely Layer Approximation 
(Te md O'c d, nid 
60000 4.78 110000 0.060 4.50 
40000 3.71 80000 0.069 3.63 
40000 8.25 70000 0.075 7.81 
40000 6.69 110000 0.056 6.54 
30000 4.64 50000 0.095 4.39 
30000 3.60 60000 0.083 3.61 
30000 8.10 50000 0.096 7.60 
30000 4.12 60000 0.109 4.64 
30000 3.88 50000 0.097 3.67 
30000 3.32 50000 0.087 3.39 
40000 3.98 70000 0.089 4.00 
36364 5.01 69091 0.083 4.89 
si 
0 
0 
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00 
0000 
000 
00 
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00 
0 
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Figure 0.1 
MeasuremGnt A-6 Array Oensity 240 Rod DiamQtar 6mm. 
(9 Air jet sound source 
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Measurement 0-6 Array Density 360 Rod Diameter 6mm. 
Air jot sound source 
Microphone. 
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Figure 0.3 
MQasuremant C-6 Array Density 400 Rod Diameter 6mm. 
G Air jet sound source 
* Microphone. 
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Figure 0.4 
MQasuremQnt 0-6 Array Density 200 Rod DiametQr 6mm. 
G Air jet sound source 
* Microphone. 
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Measurement E-6. Array Density 100 Rod OlOmQtQr 6mm. 
(0 Air jet sound source 
* Microphone. 
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Figure 0.6 
Measurement A-12 Array DQnsity 240 Rod Diameter 12mm. 
Air jot sound source 
Microphone. 
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Figure 0.7 
Measurement B-12 Array Density 360 Rod DiamQtQr 12mm. 
Air jet sound source 
Microphone. 
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Figure 0.8 
Measurement C-12 Array Density 400 Rod Diameter 12mm. 
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Figure 0.9 
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Figure 0.10 
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Figure 0.19 
4 row narrow belt of array C-12 rows 9-12 
Air jet sound sourcQ 
Microphone. 
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Figure 0.21 microphone 2 
Attenuation through array B-12 with the rods disglaced 
slightly between measurements (array density 3 ()) 
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Figure 0.23 microphone 4 
Attenuation through array 8-12 with the rods disEloced 
slightly between measurements (array density 3 0) 
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Figure 0.25 microphone 2 
Measured Excess AttQnuation over Sand. 
with the holes left by the rods. 
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THE USE OF TREES FOR NOISE CONTROL 
M. A. Price, N. W. Heap and K. Attenborough 
Department of Engineering Mechanics, Faculty of Technology 
The open University, Walton Hall, Milton Keynes, England 
INTRODUCTION 
The use of a belt of woodland as a barrier to screen a problematic noise 
source such as road traffic, is an attractive proposition from an aesthet- 
ic and ecological point of view, but the actual acoustical effectiveness 
has long been a matter of debate. A related problem is that of noise 
propagation prediction where there is an existing wooded area. 
Measurements were made at various woodland sites in Buckinghamshire, 
England to investigate the vegetation characteristics important in the 
prediction of noise propagation. The results of some of these measure- 
ments are presented here. 
EXPERIMENTAL METHOD 
The sound source used was an audio system emitting broad-band pseudorandom 
noise. the source was monitored by a reference microphone at a distance 
of 2 metres. Recordings were made at various distances (12 to 96 m) from 
the source, at 1.2 m and 2.5 m above the ground. The recordings were 
analysed by means of a digital spectrum analyser-to give a spectrum of 
level vs frequency for each microphone position. 
The result can be expressed as a level difference function corrected for 
free field attenuation as shown in Figures 1 and 2. The attenuation due 
to spherical spreading and atmospheric absorption are subtracted from the 
difference in level between the reference and test microphones. The 
corrected level difference is a measure of the effectiveness of the wood- 
land, or any other terrain, in attenuating noise; a higher value indi- 
cating greater attenuation. 
The temperature and relative humidity 
the atmospheric absorption correction. 
calm conditions ie windspeeds of less 
above the ground). 
were measured and used to calculate 
Measurements were restricted to 
than 2 ms-1 (measured at 2.5 m 
The results presented here are from three forestry stands: 
'A 
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Monoculture of Norway spruce (Picea abies), 30 years old, full canopy 
dead lower branches, no ground vegetation, litter layer of needles. 
2) Mixed Norway spruce/oak with a dense deciduous understorey of 
hawthorn (Crataegus monogyna), 38 years old, litter layer of oak and 
hawthorn leaves and spruce needles. 
3) Mixed coniferous stand of alternate rows of red cedar (Thuja plicata) 
Norway spruce, and Scots pine (Pinus sylvestris) 15 years old, 
incomplete canopy, foliage along whole length of trunk. Ground 
vegetation mainly of long grass. 
RESULTS 
Figure I shows the corrected level difference for a measurement in stand 
2 (Mixed oak/spruce) compared with that for a measurement over a grass 
sports field, using the same geometry. The woodland data shows the 
typical pattern of level difference found in these measurements. The 
function peaks at low frequencies and increases with increasing frequency, 
after a mid frequency dip. The sport field data also has a low frequency 
peak but it occurs at a higher frequency than in the woodland. The high 
frequency values are considerably less for the sports field than the 
woodland. 
GROUND EFFECT 
It is widely accepted that the low frequency peak in these types of curves 
is due to the 'ground effect' (the interference between the direct and 
ground reflected wave) which is highly dependent on the properties of 
the ground surface. 
The data presented in Figures 1 and 2, and other measurements, have been 
fitted to predictions of corrected level difference based on the widely 
used Weyl-van der Pol formulation for point source propagation over a 
finite impedance boundary (1]. Two ground impedance models were used; 
a) the Delaney and Bazley model in which impedance is characterised by 
flow resitivity (a)[21. And b) the variable porosity model presented 
by Attenborough [3], characterised by effective flow resistivity (ce) 
and a factor describing the porosity gradient in the soil (ae). 
(me =0 for homogenous ground). The model parameters which gave a 
prediction closest to the measured spectra in the frequency range 100 Hz- 
1 kHz (least mean-squared-difference test), were calculated for the level 
difference measured at several source-receiver geometries. The mean 
values are presented in table 1. 
Table I Best fit parameters for different ground surfaces. 
Terrain Delaney and Bazley Variable Porosity 
a (mks rayls) ce (mks rayls) ae 
Spruce Monoculture 52700 77100 0 
Mixed oak/spruce 23800 39500 0 
Mixed coniferous 45500 73500 0 
Sports field 384700 435700 238 
.j 
M. A. Price 
Thcse results show that all three woodland types have significantly lower 
effective flow resistivities than the sports field, ie acoustically 
, softer' ground surfaces. Thus the ground effect peak is at a lower 
frequency. The stand with the thick layer of deciduous leaves (stand 2- 
oak/spruce) has a lower flow resistivity than either of the pure coni- 
ferous stands which have a thinner litter layer composed solely of needles 
(stand 1) or a dense covering of long grass (stand 3). 
SCATTERING 
Embleton [41 presents a theory for the prediction of attenuation due to 
scattering of sound by an array of vertical cylinders of infinite length 
(given their radius, surface impedance and the density of the array). 
'he level difference due to the combination of As an attempt to predict I. 
the ground effect and scattering by tree trunks, predictions from the 
two models were added together. The result of one such addition is shown 
in Figure 2, compared with measured data from the spruce monoculture and 
the prediciton from the Weyl-van der Pol formulation. The ground para- 
meters used are the best fit values (100 Hz to 1kHz range only) for this 
measurement, and the scattering parameters were estimated from a small 
sample area within the stand. 
The simple addition of the two models does not predict the overall pattern 
of the measured level difference, but does predict significantly more 
attenuation at high frequencies than the ground effect alone. It is evi- 
dent that a more complex situation exists than t1at described by simple 
addition perhaps involving some interaction between the ground and scat- 
tering effects. In particular, the extent to which the ground inter- 
ference patterns are perturbed by the presence of scatterers and micro- 
meteorological effects is unknown. The fact that the high frequencyatten- 
uation'i s greater in the measurement than the prediction suggeststhatthe 
foliage and branches may also attenuate some sound. 
CONCLUDING REMARKS 
The effectiveness of a tree stand in reducing noise levels is highly 
dependent on the spectrum of the noise with high and low frequencies 
attenuated more than mid-frequencies. In the mid-frequencies the redUC- 
tion may be less with woodland than with the grass sports field. The low 
frequency peak depends on the woodland type, as demonstrated above, and 
differences between stands were also observed in the high frequency range. 
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SOUND PROPAGATION RESULTS FROM THREE BRITISH 
WOODLANDS. 
AIA. IWce, K. Aumbot-ough attd NJIeap. 
Department of Engineering Mechanics. 
Faculty of Technology. 
The Open University. 
Milton Keynes MK7 6AA, 
England. 
Introduction 
Sound propagation measurements were made in three woodlands in order to compare the effects 
of different types of woodland. and assess the use of theoretical models to predict sound propagation. 
Small scale model experiments were also carried out to investigate the scattering of sound by an array 
of cylinders. 
The woodlands investigated were all forestry stands planted on relatively flat land in southern 
Northamptonshire. England. The important characteristics of the stands are: 
Monoculture of Norway spruce (Picea abies). 30 years old. full canopy. dead lower branches. no 
ground vegetation. litter layer of needles. Mean radius 0.059m. stem density 0.303m-2. 
[2) Mixed Norway spruce and oak. with a dense deciduous understorey of hawthorn (Crataegus 
monogyna). 38 years old. litter layer of oak and hawthorn leaves and spruce needles. Mean 
radius 0.045m. stem density 0.267m -2. 
[3) Mixed coniferous stand of alternate rows of red cedar (Thuja plicata), Norway spruce. and Cor- 
sican pine (Pinus nigra) 15 years old. incomplete canopy. foliage along the whole length of the 
trunk. Ground vegetation mainly of long grass. Mean radius 0.066m. stem density 0.18IM-2 
The mean radii and densities were calculated in small sample areas within the experimental plots 
and used in the calculations of attenuation due to scattering described below. 
Experimental Method 
The sound source used was an audio system emitting broad-band pseudorandom noise. The 
source was monitored by a reference microphone at a distance of 2 metres. Recordings were made at 
various distances (12m to 96m) from the source. at 1.2m and 2.5m above the ground. Tile recordings 
were analysed by means of a digital spectrum analYser to give a spectrum of level vs frequency for 
each microphone position. 
The results are expressed as 'attenuation' calculated by subtracting the attenuation due to spher- 
ical spreading and atmospheric absorption from the difference in level between the reference and test 
microphones. The temperature and relative humidity were measured and used to calculate the atmos- 
pheric absorption according to the formulae described by Bazley (1976). Measurements were restricted 
to calm conditions ie windspeeds of less than 2ms-' (measured at 2.5m. above the ground). 
'2-(; 
Ground Effcct 
The so-calle(l ground effect has been discussed elsewhere in the workshop. eg by Dr T. Embleton Dr K. Attenborough and Ms 11. Hess. In this study the Weyl-van der Pol formulation was used to 
calculate predictions of the attenuation function resulting from the interference pattern between the 
ground reflected wave and direct wave, and the ground and surface waves. (as described in Attenbor- 
ough et a] 1980). nie impedance was calculated using the following three models: 
a) Dclany and Bazley (1970) described a formula for the surface impedance which was derived empir- ically from impedance measurements of fibrous materials and has been widely used in the prediction 
of surface impedance of ground surfaces. 
Zs =I +0.05((T, /f )0.75+i 0.077(a, /f )0.73 
where Z, is the surface impedance. f is the frequency and a, is the effective flow resistivity. 
b) Attenborough (1985) deduced approximations for the calculation of ground impedance for, 'a 
ground with porosity decreasing exponentially with depth. 
Zg =0.218(o-, /f )()--5+i 
JO. 
218(0', /f )O-5+9.74(cv, /f)1 
C) It is evident that for a homogeneous ground the value of ot, is zero and the real and imaginary 
parts are equal. This homogeneous model can be used in the standard formula for the surface impedance of a rigid-backed layer to give the following equation for the surface impedance. 
Z, =0.218(l +i )(o-, /f )0'5coth 
1-i 
5.59XIO-5(1+i )(0-, f )0--5d, 
I 
the variables cr,. oe, and d, (the effective depth) are defined in these two models as: 
Cr, = 
S/01 
Oee =n 
'oe 
d, =d [I 11 -a 
where 
Cr- Ilow resistivity 
cv - rate of decrease of porosity 
Sf -a pore shape factor 
n' -a grain shape factor 
fl- air porosity 
d- layer depth. 
The predicted attenuation was fitted to the measured data to obtain the values of the ground 
parameters. which give the least mean squared difference. ie the 'best fit values% over the frequency 
range 10011z to Ikllz. 
Scattering 
The second mechanism investigated by means of a theoretical model is scattering of sound by the 
tree trunks. Embleton (1966) presents a theory describing the scattering of plane waves by a random 
array of locally reacting cylinders. of infinite length. This model is based on the multiple-scattering 
theory due to Twersky. The cylinders are characterised by their radius and surface impedance. and 
the number of scatterers per unit area is also used in the calculations. The bulk propagation constant 
is calculated as 
2-21 
12N 1210.3 
ki, =Ik 02 -4iNg + 
191 
9 ko Fk -0 
6) 
where ko- propagation constant in air - CO 
N- average number of scatterers per unit area 
n -. 0 
gEA,, and g , 
(-I)"An 
n =--Go n =--GO 
and 
U. (ka )+ZbJ'. (ka 
ill. (ka )+Zbll', (ka 
a- radius of the cylinders 
Zb- The normalised surface impedance of the cylinders. 
The attenuation is calculated from the imaginary part of the bulk propagation constant by 
means of a standard formula for attenuation in a porous medium. 
Attenuation = 
20xlm(kb)xdcptli 
log, (10-OT- 
Results 
Figure 1 shows a typical example of the measurements made on two different days in the mixed 
oak/spruce woodland. The pattern of attenuation is typical of that obtained in all the results in this 
study and also that described by other authors (eg. Martens 1981): ie it has a marked peak in 
attenuation at the low frequency part (200 to 250 liz) a dip in the mid frequencies. and rises again in 
the high frequency part. It is widely accepted that the low frequency peak of such attenuation spec- 
tra is due to the ground effect. The difference in the location of the low frequency peak in the two 
spectra of figure I is thought to arise from a difference in the moisture content of tile ground on the 
two days. A similar result to that of the winter measurement was obtained on a day in the summer 
of 1985 after a spell of wet weather but all the results from drier days gave a result similar to the 
summer measurement of figure 1. The wetter conditions gave a higher best fit effective flow resistivity 
than the dry days (see table 1). as might be expected. 
lz: % 
The difference in the high frequency part of the two spectra of figure I appears to be due to the 
effect of foliage since the measuring path used was the same for both. the Qnly difference being in the 
absence of leaves in the deciduous understorey in the winter measurement. 
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Figure I: Summer and Winter measurements in mixed oak/spruce wood. 
Source Ileight - 1.3m, Test Microphone Ileight - 1.2m, Separation Distance - 72m. 
TABLE I Best Fit Ground Parameters 
Attenborough Approximations 
Delany and Homogeneous Rigid-Backed 
Stand Bazley Layer 
cre Cr, 0,. r d, 
Spruce 40,000 61.000 63.000 0.09 
Oak/Spruce 
dry 21.000 34.000 40.000 0.12 
wet 65.000 114.000 119,000 0.07 
Mixed Conifers 39,000 69.000 73.000 0.08 
Table I shows the result or fitting the three predictive models to the attenuation spectra. The 
result of fitting the variable porosity model was. in practically all cases. identical to the homogeneous 
model ie ce=O. The rigid-backed layer model generally gave a large value of effective depth and a simi- 
lar effective flow resistivity to the homogeneous model. This indicates that this model also gives a best 
fit in virtually the homogeneous condition despite the fact that the ground has a layered structure. 
-Lý) 
The three woodlands do not have significantly different best fit ground parameters. although the two 
different cases (wet and dry) for the oak/spruce are significantly different. (significance assessed by 
means of a studentised T-test). 
Figure 2 is a comparison between typical results from the three woodlands. the experimental 
geometry was approximately the same for each of the measurements and the mixed woodland result 
is from a summer measurement. The pattern of attenuation is clearly different in the different wood- 
lands. The low frequency ground effect peak is at a similar frequency in the three woodlands although 
it is at a rather different magnitude in the mixed oak/spruce. The mixed oak/spruce wood gives a 
rather lower mean flow resistivity from all the measurements which does not appear to be reflected in 
this example. I 
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Figure 2: Typical Attenuation Spectra for the Three Woodlands. 
Source Height - 1.3m. Test Microphone Height - 1.2m. Separation Distance - 48m. 
The mixed coniferous wood gives a higher value than the other two woods for most of the fre- 
quency range. This woodland had an extremely dense structure of foliage and branches especially in 
the red cedar rows. Which could account for the higher high- and mid-frequency attenuation in this 
stand. The mixed oak/spruce woodland gives a higher value of attenuation in the high frequency part 
than the spruce woodland. The winter oak/spruce measurements generally give a similar value of high 
frequency attenuation to that in the spruce. 
Figure 3 shows an example of the use of the ground effect model calculated using the the best fit value 
or o-, in the Homogeneous approximation of Attenborough (1985). and the result of adding predic- 
tions from the ground model to that from the scattering model. rhe scattering prediction is calculated 
using the mean radii and densities detailed above, and assuming that the cylinders are rigid. This 
assumption is based on the results of impedance tube measurements made by Frank (1976) which 
showed that trees have a very low absorption coefficient. It is evident that the ground effect model 
0.10 Frequency (kHz) 10.00 
'So 
predict.,; the low frequency part of the attenuation spectra quite well. but the high frequency part of 
the measurement diverges rapidly from the prediction and the sharp peak of the prediction is not seen 
in the measurement. Adding the scattering prediction does not significantly improve the comparison 
between prediction and measurement. causing over-prediction at some frequencies and under- 
prediction at other. %. 
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Figure 3. 
Measurement from the Spruce monoculture, Geparotion 
distance 96m. microphone height 1.2m. 
Ground effect prediction cr e= 64,000. 
Ground + scattering prediction. 
Investigation of the high frequency part of the measurements made at 40n-i separation or greater 
shows that the attenuation has a linear relationship with distance, and that the marked high fre- 
quency interference peaks are only very rarely observed. These facts indicate that the attenuation is 
not related to ground interference and can be expressed as the attenuation for a certain distance to 
compare results from different distances. Figure 4 is a comparison between the mean values of high 
frequency attenuation from all the longer distance measurements corrected to the value of attenuation 
per 25m. The mixed coniferous wood evidently gives considerably greater attenuation than the other 
two woods. with a smaller difference between the spruce and mixed woods. Figure 5 shows the 
attenuations from the scattering model corresponding to the predicted trunk attenuation, assuming 
rigid cylinders and using the sampled mean trunk radius and density given above. The predictions-do 
not have the same frequency dependence as the measurements although they do increase with fre- 
quency. The attenuation is greatly under-predicted for the mixed coniferous wood and also for most 
of the mixed oak/spruce spectrum. The spruce monoculture attenuation is, however over-predi 
. 
cted 
over the whole range. 
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Model Experiments 
In order to investigate the scattering prediction model further, and determine its validity in the 
presence of a ground surface. a small scale model experiment was carried out in an anechoic chamber. 
An air jet sound source producing a broad-band signal with much energy in the high frequency range Okllz to lOOkIIz) was used. The analysis of the results was carried out between IkIlz and 100kilz 
thus the experiment assesses the case of small wavelengths and small scatterers to compare with the 
larger wavelengths and larger scatterers of the woodland experiments. Wooden dowel rods with 
diameters of 6mrn and 12mm, were used to create random or regular arrays. of varying densities 
between the air jet and an array of microphones and the resulting signal at the microphones analysed. 
The rods were then removed and the measurement repeated. The continuous line of figure 6 shows an 
example of the attenuation calculated by subtracting the . with scatters* measurement from the 
. without scatterers' case. this is from an experiment using long scatterers. with no ground surface. and 
a random array. The broken line of figure 6 is the result of an experiment using the same array but 
the rods were inserted into a tray of sand in the anechoic chamber and the source and microphones 
were close to the sand surface. The insertion loss shown here is the result of subtracting the signal 
recorded with the scatterers in the sand from that with the sand surface alone. This measurement and 
others carried out in the same way show that the insertion loss from the sand tray and the attenua- 
tion from the semi-infinite length case are similar. ie that there is no detectable interaction between 
the ground and scattering effect which could not be accounted for by simply adding the effects of the 
ground and the scatterers. 
Figure 7 shows a comparison between the attenuation measurement of figure 6 and the predicted 
attenuation from the scattering model described above. It is evident that the model greatly over- 
predicts the attenuation. The prediction uses the rigid cylinder assumption. Altering the surface 
impedance of the cylinders in the prediction only increases the predicted attenuation. In order to fit 
the prediction to the measurement either the assumed radius or density may be altered. Fitting all the 
results to the prediction by altering each of the parameters showed that. on average. a reduction in 
density of 60% while maintaining the measured radius gives a considerably better fit to the measured 
data. The second prediction line in figure 7 shows this correction to the model. it is evident that this 
prediction matches the measurement quite well. 
Scattering Predictions for Woodland Measurements 
The assumption is made that a similar correction could be made to the prediction for the wood- land measurements. Figure 5a shows the resulting predictions in dB/25m. for the high frequency part 
of the woodland results, ie the mean sampled radii given above. are used. but the density is reduced by 60%. It is evident from comparisons with figure 4 that all the attenuation spectra are under- 
predicted except for the lower frequencies in the spruce and mixed oak/spruce woodlands. 
In an attempt to predict the part of the high frequency attenuation not accounted for by trunk 
scattering, a further calculation using the scattering model was carried out. Figures 8 and 9 show the 
result of putting a radius of Imm and a surface impedance calculated using a high flow resistivity (10.000.000 mks). rather than the rigid assumption. into the model. The sum of the 'trunk predictioh 
and the small scatterers prediction gives a good fit to the high frequency part. The density of Imm 
scatterers used for the mixed coniferous wood (600nz-1) is 6 times greater than that for the spruce 
monoculture. Since the prediction assumes a non-rigid surface this accounts for the absorption of 
sound at the surface. Figures Sa and 9a show the two predictions added together in figures 8 and 9. It* 
is evident that the trunk scattering prediction (continuous lines) contributes a greater proportion of 
the total in the spruce monoculture. particularly in the mid frequencies, than in the mixed coniferous 
wood. The aniount or foliage and branches is considerably greater in the younger mixed coniferous 
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wood than the spruce monoculture, so the prediction from the 1mm non-rigid scatterers could be 
regarded as a way of accounting for the scattering and absorbing effects of these woodland elements. 
The two parts of the prediction could relate. conceptually, to the scattering and absorbing cross sec- 
tions described by Bullen and Fricke (1982). since the rigid assumption for the trunks confines their 
effect to scattering rather than absorption whereas some absorption is accounted for in the small 
scatterers prediction. 
Figures 8 and 9 indicate that a combination of ground effect (low frequencies only). scattering by 
trunk. % and scattering and absorption by smaller woodland elements. both characterised by the multi- 
ple scattering model described by E-mbleton (1966). could be used to predict the measured attenuation 
in woodland,;. 
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Appendix F. - Glossary or Acoustical Terms. 
Absorption Cociricicnt: the ratio of' sound energy absorbed by by a SUrf*ace to the total 
sound energy which strikes it. 
Acoustics: the science (if' NOUIld. 
Acoustical: relitting to acoustim 
Amplitude: the maximum value. the peak. 
Aiiechoic: almost totally sound-absorbent at a very wide range of frequencies. An aneclioic 
cliamber give% almo%t Free Field conditions. 
Audio Frequejicy: a frequency witliin the audible range of about 20 Ilz to 20.000 liz. 
A-weighting: a weigliting applied electronically. or numerically. wbicli reduces flic contri- 
bution or the low and Iflgli frequencies to the overall sound pressure level. in order to 
approximately simulate the response of die hurnan ear. nie resulting level is expressed as 
dBA. 
Band: a segment of the frequency spectrum, eg. an octave or third octave. 
Bel ten decibels (not normally used). 
Cliaracteristic Impedance (pc ý. a measure of the qualities possessed by a substance carry- 
ing sound waves which indicates the ratio of the root mean square (rnis) sound pressure 
at a point to the rms particle velocity. It is equal to the product of the density *p' and the 
speed of sound 'c ' in the substance. 
Decibel W13k (one tenth of a Bel) a means of denoting the ratio of two quantities when the 
range of the values is very great. A Bel can be described as the number of tenfold increases 
the lower quantity must be given to equal the higher. ie logio 
gI: Sound pressure level is i ;21 
19' 
the commonest quantity expressed in decibels, in which case the lower quantity is usually 
2xlO-3Nm-2. known as- the reference presqure. 
Diffraction: the diversion of the direction of travel of a wave other than by reflection or 
rcf raction. 
Exho: reflected %oun(I which arrives a long enough time after its direct equivalent to be 
N' 
heard as a separate sensalion. 
Field: region of acoustical interest. 
Free Field: it region it) which no significant rellectiow, of sound occur. 
11*1*mIllency: the number of' times a vibrating syNtem or particle compleies a repetitive cycle 
ol* movement in a period of one second. expressed in Hertz or *cvcle. % per second'. Non- 
Periodic waves call also be dermed in terms of frequency. in which case the rates of rise and 
I'all ol' pressure I'm a gOven amplitude govern the I*requencies in the wave. 
Gradient: it variation of the local speed (if sound with height above ground. or other meas- 
tire of' distance. causing i-efraction of' sound. It is most commonly caused by rising or fal- 
ling temperature with altitude or by differences in wind speed. 
Impedance: a measure of the complex ratio of force (or pressure) to velocity see also 
Characteristic Inipetlancc. 
Natural Frequency: the frequency at wbich a system oscillates freely after suitable excita- 
tion. 
Noisc: Unwanted sound. 
Octave: the interval between two sounds one or which has a frequency twice that of 
another. 
Oscillation: variation in the magnitude of a quantity above and below a certain level over a 
period of timc (or distance). 
Partic1c: a theoretical infinitesinially small part of a substance or medium. 
11cak Sound 11rcssure Lcvcl: the value in decibels of the maximum sound pressure level. 
Pcriodic: repeating in an identical form after a constant and repetitive period of time. The 
classic example is a sine wave. 
Phase: a measure or whether a sound or other periodic function is 'in step' or 'out of step'. 
It is measured as an angle in degrees or (usually) in radians. If. for example. one sine wave 
lags behind anotherso that it is always at its minimum when the other is at its maximum it 
is 7r radians or 18OAde out of phase. 
Plane Wavc: A wave in which the w. tvc fronts are parallel with one another and at right 
angle.,, to the direction or propagation. 
Pure Tone: A sound who.,; e wavel'orm is sinusoidal. 
Random Noise: Stricily speaking, a 11LICILKItill. 4 (Illaillity (SOLUld or electronic) whose ampli- 
tlldC (ii. ', 'tl'i[)LILioll With time is (LILIS. Ni. 111. Generally. nokc duc to random pressure or other 
fluclualiow, resulling in a continuous spectrum. 
Refraction: the bending of* sound by passage I*roni one medium to another or in a gradicia. 
Resonance: when a systeni is vibrating as it result of a f'orced excitation at a certain fre- 
(ILICIICY. if* the aniplitude of' vibration deniinishes its a result of' raiNing or lowering the I*re- 
quency of the exciting force then the systern is in resonance. 
Resonant: capable of being excited into resonance. 
Resonant Frequency'. a frequency at wilich resonance occurs. 
Reverberation: sound (eg. in a room) which builds up owing to multiple reflections from 
surrounding surfaces. It will persist after the source has stopped emitting sound. 
Reverberation Time: the time it takes for reverberant sound or a given frequency to decay 
by 60dI3 after the source is cut off. 
R(>ot-mean-squarc (rms) Value: tile values of' a fluctuating quantity are squared. averaged 
and then the square root is extracted. The peak sound pressure. of' a sine wave is equal to 
the rni.,; sound pressure multiplied by Vý. The rms sound pressure level is the best measure 
of continuous sound but the peak level is necessary for tile assessment of impulsive sound. 
Sine wave: a wave which varies with time or distance as the trigonometric function. tile 
sine. 
Sinusoidal: varying as the sine of an angle. 
Sound: wave motion in an elastic medium. or the sensation of hearing this may produce. 
Sound Power Level: the total energy per second emitted by the source as sound expressed 
as decibels, normally referenced to 10-12 Watts. 
Sound Pressure Level: the rms (usually) values of the pressure fluctuations above and 
below atmospheric pressure caused by the passage of a sound wave. expressed in decibels re 
2XlO-5NnL-2. 
Sound Shadow: the acoustical equivalent to a liglit sliadow. usually partially penetrated as 
a result of diffraction. 
Spherical Wave: A wave iii wilicl, the wave fronts form concemric splieres. 
Transmission Loss: a Measure 01' tile sound ilISLIlatiOlI 01' it layer of' material in decibels. It 
is C(ILIal to tile arithmetic difference between the level in decibels ol' the incident and 
tran. smitted wave-,. 
Wave: a disturbance propagated in a medium. 
Wave Fi-ont: it theoretical surface which is made up of' points at which the phase ol' a wave 
is the same. In the case of' a sine wave the wave front joins point.,; of' equal amplitude and 
phase. 
Wavelength: the perpendicular distance between two wave fronts in which the phases 
differ by one complete period. It is equal to the speed of sound divided by tile frequency and 
is usually represented by X. 
White Noise: noise of a statistically random nature having equal energy at every frequency 
over a particular band. 
